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Poly(acrylic acid) (PAA) based amphiphilic copolymers have drawn attention 
in recent years for its unique pH responsive and self-assembly behavior and 
wide applications in biochemical and medicine. It has the ability to absorb water 
and swell to many times its original volume. However, studies towards self-
assemblies of PAA containing copolymers have been limited to linear typed 
PAA copolymerized with either polystyrene (PS) or poly(ethylene glycol), thus 
hindering the exploration of new materials. The aim of this research is to 
develop new PAA based copolymers with different functional groups and 
macromolecular architectures, and to elucidate their self-assembly behavior in 
aqueous solution. Four different architectures of PAA based amphiphilic 
copolymers were designed, i.e., random-type PAA-co-polyhedral oligomeric 
silsequioxane (POSS), triblock copolymers of poly(lactide)-PAA (PLA-b-
PAA-b-PLA), dendritic-like PLA-b-d-PAA and star-like hybrid polymers 
having multi linear dendritic-like amphiphilic arms of PAA-(PLA-
poly(ethylene glycol)) linked to an inorganic POSS core. POSS and PLA were 
selected as the hydrophobic segments primarily because of their strong 
hydrophobicity, biocompatibility and biodegradability (particularly PLA).  
 vii 
   
The synthesis techniques employed in this work included combinations of atom 
transfer radical polymerization (ATRP), single-electron transfer living radical 
polymerization (SET-LRP), ring-opening metathesis polymerization (ROP), 
“Click” chemistry and Steglich esterification. In addition, the self-assemblies 
developed from these various PAA copolymers were investigated through in- 
vitro experiments for targeted drug delivery applications. Light scattering 
demonstrated that although all the self-assemblies formed from these four 
systems showed pH responsive behavior, the morphologies of the self-
assemblies were different. POSS-co-PAA random hybrid copolymer and 
triblock copolymer PLA-b-PAA-b-PLA formed core-shell aggregates, while 
PL(D)LA(n)-b-PAA(2n)-b-PAA(4n) self assembled into vesicles and star-
shaped amphiphilic copolymer POSS-(PAA-(PLLA-PEG)4)8 tended to form 
rod micelles in aqueous solution. These PAA aggregates possessed pH-
dependent hydrodynamic radius which increased with increasing pH up to pH 
9, beyond which the hydrodynamic radius showed a slight decrease due to the 
formation of excess salt in the system. In addition, the driving force of 
micellization and hydrophobicity of the hydrophobic core would affect the self-
assembly behavior of the obtained micelles/aggregates. Copolymerizing a small 
amount of POSS with PAA increased the hydrophobicity of the copolymers and 
reduced the critical micelle concentration of the aggregates significantly. The 
stereocomplexation of PLA on the other hand, did not affect the solubility of 
polymers in aqueous solution but formed more compact micelles with enhanced 
stability in aqueous solution when compared to micelles formed from 
enantiomeric PLLA only.  
 viii 
   
Both PLA-b-PAA-b-PLA and star shaped POSS-(PAA-4(PLLA-PEG))8 
released over 90% of hydrophobic drug, doxorubicin (DOX) encapsulated in 
copolymer under pH 7. Lower release percentages were observed under high 
pH or low pH probably due to the instability of micelles in extreme environment. 
DOX/PLA-b-PAA-b-PLA stereocomplex capsules showed a sustainable 
release profile under pH 8 which makes PLA-b-PAA-b-PLA a potential 
candidate for sustainable release systems such as glucophage delivery system 
for diabetes and DOX for cancer. It was hypothesized that the compact micelles 
formed from stereocomplexation between PDLA and PLLA in the copolymers 
was able to retain the hydrophobic drug particles longer within the hydrophobic 
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CHAPTER 1 Introduction 
 
This introduction focuses on the recent advances in (a) design and synthesis 
of PAA based copolymers; (b) self- assembly behaviour of amphiphilic PAA 
based copolymers, (c) application of self- assembled PAA based amphiphilic 
copolymers and (d) the utility of the light scattering technique for polymeric 
self- assembly studies.  
 
1.1 Design and Synthesis of PAA Based Copolymers 
Poly(acrylic acid) (PAA) is the simplest acrylate polymer [1].  Figure 1.1 
shows the structure of poly (acrylic acid), which consists of a carbonic 
backbone and an ionisable carboxyl group as side chain in each repeat unit. 
PAA is an anionic polymer in water at neutral pH, where many of the 
carboxyl groups of PAA will lose their protons and acquire a negative charge. 
Thus, PAA, has the ability to absorb and retain water and swell to many times 




Figure 1.1 Structure of poly(acylic acid) (PAA) [1]. 
 
Traditionally, PAA is synthesized from acrylate acid monomers in water or 
other solvent through radical polymerization, coordinated by isopropanol [2, 
3]. PAA with a narrow polydispersity index (or PDI) (Figure 1.2) can be 
produced through this method. However, over the years, a more common 
method to synthesize PAA is hydrolysis of Poly(tert Butyl- Acrylate) ( PtBA) 
in an acid solution (Figure 1.2 b) [4-10]. The polymerization of the precursor, 
PtBA, is through free radical polymerization, with the help of organic 
peroxide as an initiator.  It can be carried out with the pure monomer (known 
as bulk polymerization), but more often it is polymerized in an aqueous 





Figure 1.2 Synthetic methods of PAA. 
 
Also known as a stimuli- responsive polymer, PAA mimics biological 
systems which respond to an external stimuli, pH, resulting in a change in 
properties [11]. For stimuli-responsive polymers, responses can be changes 
in conformation, changes in solubility, or alteration of the hydrophilic/ 
hydrophobic balance according to different stimulus such as pH, temperature, 
light, magnetic field or ionic intensity [11-13]. It could also include a 
combination of several responses at the same time [14]. By copolymerization 
with functional groups, PAA based copolymers are endowed with different 
properties and architectures, thus becoming the most commonly used pH-
responsive smart polymer in biomedical industry. The properties of the 
copolymers depend on the monomers and their configurations, which include 





Figure 1.3    Illustration of various copolymer configurations. 
 
One of the simplest copolymer architectures is random copolymer, which is 
a mixture of two or more different monomers chemically linked and have no 
consistent or regular structure of the monomers [17]. For example, Yoo and 
his colleagues [18] synthesized poly (NIPAAm-co-AA) through reversible 
addition fragmentation chain transfer (RAFT) polymerization technique. 
Later, Kim [19], Yin [20] and Garbern [21], developed temperature-
responsive poly (NIPAAm-co-AA) gels with proteolytically degradable 
cross-links that provided a controlled degradation mechanism, studied the 
pH effect on cloud point of poly (NIPAAm-co-acrylic acid) gels and 
discussed the sol- gel transition of this copolymer. Another popular PAA 
based random copolymer is PtBA-co-PAA. Mendez [22] gave a detailed 
report on the synthetic process of this copolymer and successfully 
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synthesized polymersomes with the PAA-PtBA copolymer using the double 
emulsion method, while Lamprou [23] compared random PtBA-co-PAA 
copolymer with diblock copolymer PtBA-b-PAA of similar length, which 
shared a similar micelle sizes but the cmc of PtBA-co-PAA was roughly one 
order of magnitude larger than those of the block copolymers. 
As stated in the example of PtBA-PAA systems, the block copolymer did not 
show quite similar behaviour as random copolymers. In contrast, block 
copolymers contain sequences or blocks of two or more chemically distinct 
repeating units in the same polymer chain (Figure 1.4). The scope of block 
copolymers was developed since the discovery of living polymerization [24], 
and the feasibility of producing block copolymers by sequential addition of 
monomers. Living polymerization techniques such as atom transfer radical 
polymerization (ATRP) [25] or single-electron transfer living radical 
polymerization (SET-LRP) [26], speed up the development of design and 
synthesis of random copolymers and block copolymers by providing 
improved pathways for the preparation of well- defined polymers and a 
precise control of architectures at the molecular level [27-30]. Block 
copolymers have an advantage over random copolymers since block 
copolymers, being crystalline,  can be modified without significant reduction 
in its melting point, modulus, tensile strength, and elastic properties, and by 
suitable selection of a second component it affords a means of “building in” 
a particular property [31]. Unlike random copolymers, the morphology of 
block copolymers in solvent can be controlled by controlling the type, 
sequence and length of blocks. 
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Linear diblock copolymers, containing two chemically distinct repeating 
units in the same chain, are the simplest architecture of block copolymers 
[15]. Various linear PAA based block copolymer systems have been 
developed and studied over decades. A series of diblock [23, 32-44] and 
triblock [43, 45-49] copolymers were synthesized and their assembly 
behaviour in solution was studied. Moreover, the uniqueness of more 
complex archetectures like pentablock [17, 50-54] and heptablock [55-66] 
copolymers were explored and compared to random copolymers. However, 
to date, no reports on PAA based pentablock and heptablock were published.  
Examples of PAA-based block copolymers include Polystyrene-b-poly 
(acrylic acid) system (PS-b-PAA), which is one of the most discussed 
diblock copolymer systems. The ‘crew- cut’ micelle like aggregates of PS-
b-PAA system were studied and their self-assembly behaviour in different 
solvents had been discussed in detail by Eisenberg and his colleagues [67, 
68]. They reported that the morphology of PAA micelles could be tuned by 
ionic intensity, pH, temperature and additives [69-71], as changes in particle 
size or morphology were observed. For example, they pointed out that the 
critical water content (cwc), at which micellization of blocks starts, was 
related to the nature of the common solvent. The stronger PS- solvent 
interaction and the higher degree of stretching of the PS in cores, would 
affect the repulsive interaction among PAA chains [68, 72-78].  Bromberg 
and his group reported a series of studies on structure, kinetics, micelles and 
microgels of PAA networks bonded with poly(ethylene oxide)-b-
poly(propylene oxide)-b-poly(ethylene oxide) (PEO-PPO-PEO) (Pluronic) 
copolymers as vehicles in oral drug delivery [79-90]. Scientists also 
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discovered that a proper combination of both PAA and Pluronic segments 
resulted in a temperature- gelling copolymer and the aggregation of this 
copolymer could be easily affected by temperature, pH, and ionic intensity 
[81, 90-93].  
Liu and his colleagues blended the polystyrene-b- poly(acrylic acid) block 
copolymer and polystyrene-co-poly(methacrylic acid) random copolymer 
and found that the aggregates of the mixture is in the form of vesicle, which 
can be possibly used as drug delivery systems [94]. In grafted copolymers, 
Inoue and Hoffman reported that they grafted an oligo(methyl methacylate) 
with hydroxyethyl methacrylate (HEMA) to a PAA backbone and revealed 
the additive function of HEMA in releasing lysozyme [93]. However, few 
attempts have been made to incorporate biodegradable segments in PAA 
based linear copolymers, for example poly(lactide) (PLA) and 
poly(hydroxybutyrate) (PHB). Biodegradable copolymers like PLA have the 
ability to degrade into low molecular weight chains, which can be later 
secreted from human body system, thus enabling them to be good candidates 
in biomedical application such as delivery and diagnosis systems [95]. Zhang 
et al. [96] has successfully synthesized PAA-b-PHB-b-PAA block 
copolymer system, but there is no in-depth research on its self-assembly 
behaviour or applications. Similarly, Petzetakis et al. [97] reported synthetic 
method of PLA-b-PAA block copolymers and observed their crystallization- 
driven cylinder micelle formation. However, no further report was focused 
on self-assembly behaviour of this pH-responsive block copolymer in 
aqueous solution or its potential applications. 
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Besides the conventional linear di-block and tri-block copolymers, nonlinear 
block copolymers has drawn more attention since their complexity in 
structure can bring more variety in structures and flexibility, which would 
improve materials’ properties through chemical design [98, 99]. One of the 
most interesting nonlinear block copolymer architecture is dendron which 
usually contains a single chemically addressable group called the focal point. 
Dendrons are repetitive branched molecules, while a dendrimer is typically 
symmetric around the core, and often adopts a spherical three- dimensional 
morphology [100-103]. Dendritric-like structured copolymers can provide 
highly branched molecular architectures, thus achieving precise control over 
the peripheral functional groups and a larger surface coverage of a 
hydrophilic layer, as in dendrimers [104-106]. It has been reported that, 
dendritic like copolymers will achieve controllable toxicity, crystallinity, 
tecto- dendrimer formation, and even chirality of copolymers [107] with a 
well- designed polymers chains. To date, there has been only limited research 
on PAA dendritic like copolymers due to the complexicity in synthesis. 
Matmour et al. [108] and Joncheray et al. [109] developed [PAA/PEI-
Pd(0)](n) PAA films and PS(n)PAA(2n), but their self-assembly behaviour has 
not been thoroughly discussed. Hou [8] synthesized PEO3-b-PAA6 but it 
cannot be used as a sustainable system because it’s too hydrophilic to 
maintain stable micelles in human body.  
Another group of important nonlinear block copolymers is star-shaped 
copolymers, which have a number of polymer arms covalently linked to a 
central core [110-112]. Star shaped copolymers tend to have more compact 
structures, higher density, higher functionality and unique solution properties 
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with low viscosity compared to linear copolymers [113-119]. Besides, star-
shaped copolymers have the ability to aggregate into particularly different 
supramolecular architectures such as stars, segmented ribbons, and core-
shell-corona micellar assemblies depending on the design of their arms [120-
122]. In addition, star-shaped copolymers formed stable water- organic 
solvent emulsions [123] and stable unimolecular micelles during self-
assembling [10, 123-125]. 
Recently, more and more nonlinear block copolymers with complex 
architectures, including comb- like [126-133], H- shaped [134]  and tadpole- 
shaped [9], have been designed and synthesized, thus speeding up the 
exploration of new materials for both research and potential applications. 
 
 
Figure 1.4 Common architectures of (a) Linear block copolymers and (b) 




Since the synthesized PAA based copolymers are targeted to biomedical 
industry, in particular drug delivery systems, it is essential to elucidate the 
self assembly behaviour of the obtained copolymers in aqueous solution.  
 
1.2 Self-Assembly Behaviour of PAA based Amphiphilic 
Copolymers  
Copolymerizing PAA with another hydrophobic segment forms amphiphilic 
copolymers, which are capable of self assembling into various micelles or 
aggregate structures in aqueous solution is one of the most essential direction 
in PAA study. Self-assembly of amphiphilic copolymers only occurs above 
a certain concentration, which is the critical micelle concentration (cmc), 
below which, copolymers dissolve in a solvent as a single-chain. Properties 
of the copolymer, ratio between the hydrophobic and hydrophilic segments, 
molecular weight of the whole copolymer chain and pH of the external 






Figure 1.5 Morphologies of PS-b-PAA micelles.  
(a) PS500-b-PAA50 crew cut micelle; (b) PS180-b-PAA15 beard [72]; (c) PS190-
b-PAA20 rod [78]; (d) PS110-b-PAA13 vesicle [72].  
 
Taking the self assembly of PS-b-PAA system as an example, various self-
assembly morphologies have been observed under transmission electron 
microscope (TEM). Figure 1.5(a) represents the most commonly observed 
crew-cut micelles, which also belong to sphere micelles. Beard structures 
(Figure 1.5(b)) [72] can be observed when the micelles changed from sphere 
to rod (Figure 1.5(c)) when access water is added into the system, which will 
cause an increase in the surface energy of the micelles. The micelles tend to 
achieve smaller surface area to maintain a lower surface energy, thus 
triggering an increase in micelle size and decrease in aggregation number. 
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Moreover, the increase in size will aid in the process of chain extension, and 
a new morphology, rod, is observed [78, 135]. Vesicle takes the dominant 
role in Figure 1.5(d), and it is the most commonly observed bilayer 
morphology [72]. There are various reasons which can affect the morphology 
of micelles, including the relative length of the segments in the copolymer, 
concentration, properties of solvent, additives and temperature [68]. As 
shown in Figure 1.6, Zhang and Eisenberg changed the concentration of 
NaCl aqueous solution, and used the solution as solvent for the self-assembly 
of PS410-b-PAA25 [78]. When salt concentration was lower than 2.1 mmol/L, 
the copolymers self-assembled to form spherical micelles, while beard 
structure appeared when the salt concentration was increased to 3.2 mmol/L. 
Further increase in the salt concentrations to 4.3 mmol/L and 16.0 mmol/L 
resulted in micelles turning into rods and vesicle structures respectively. It 
has been shown that additives such as salt, acid and base can change the 
effective repulsion between polymeric chains, thus changing morphology of 





Figure 1.6 Self-assembled structure of PS410-b-PAA25 under different ionic 
intensity [73] (a) no salt; (b) 1.1 mmol/L; (c) 2.1 mmol/L; (d) 3.2 mmol/L;  
(e) 4.3 mmol/L; (f) 5.3 mmol/L;  (g) 10.6 mmol/L; (h) 16.0 mmol/L;   (i) 
21.0 mmol/L. 
 
1.3 Application of Self-Assembled PAA based Amphiphilic 
Copolymers  
The good solubility of PAA in water enables its applications in situations of 
alkaline and high concentrations without scale sediment such as disposable 
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diapers [137-141], ion exchange resins [37, 142-145] and adhesives [146-
149]. They are also popular as thickening, dispersing, suspending and 
emulsifying agents in pharmaceuticals, cosmetics and paints [1]. Besides, 
PAA is widely used to modify the flow and stability of aqueous solutions 
and gels, such as soaps, shampoos and cosmetics. For instance, they can be 
used to destabilize a colloidal suspension and to initiate flocculation 
(precipitation) [150, 151] or used to impart a surface charge to neutral 
particles, enabling them to be dispersed in aqueous solution.  
In recent years, PAA is also investigated for biochemical and medical 
applications particularly for implant coatings, membranes, controlled drug 
release, and gene delivery [152, 153]. Zhong et al. designed Ag clusters 
embedded with multiarm star shaped PG-b-poly(acrylic acid) known as 
“molecular hydrogel” for DNA delivery [154] while Wang et al. prepared a 
series of pH-sensitive composite hydrogel beads, chitosan-g-poly (acrylic 
acid)/vermiculite/sodium alginate (CTS-g-PAA/VMT/SA) used in 
controlled release systems [155, 156]. Zhu et al. prepared Dox- loaded 
hydrogel which could inhibit the growth of human bladder carcinoma EJ 
cells by complexing poly(ethylene glycol)-b-poly(acrylic acid) (PEG-b-PAA) 
micelles and poly(ethylene glycol)-b-poly(epsilon-caprolactone) (PEG-b-
PCL) micelles [157] and also evaluated PEG-b-PCL-b-PAA triblock 
copolymers as new multifunctional nanocarriers. The biamphiphilic triblock 
copolymer micelles were not only biocompatible and biodegradable, but also 
had abilities for loading single and dual anticancer drugs, which indicated 





PAA, being a polyelectrolyte and responsive to external pH stimuli, 
possesses similarities in structure and properties with bio macromolecules, 
such as surface charge, hydrophobicity and targeted delivery. PAA based 
polymeric micelles has been identified as a good candidate for smart 
polymeric drug loading device to achieve controlled drug loading–releasing 
properties. An example of PAA based polymer coating used in drug delivery 
where the upconversion nanoparticles-PAA exhibited improved stability in 
physiological solutions and prolonged blood circulation half- lives [159]. 
It was reported that 50% of drugs used are clinically proven to be 
hydrophobic or lipophilic [160]. Besides of the poor solubility of 
hydrophobic drugs in aqueous solution, most drugs involve unfavourable 
biodistribution profiles as well as poor pharmacokinetics, which is a major 
challenge in the biomedical industry. This challenge could be solved by 
introducing hydrophobic drugs into smart polymeric drug carriers which 
need to be designed as multi-functional micelles/ aggregates in order to 
achieve specific targeted delivery effects [161]. PAA based polymeric self 
assemblies have the ability to meet the needs of targeted delivery, 
particularly in applications involving pH change as the external stimuli, 
example targeted drug delivery in the human body. It has been proven that 
the pH in human body varies, for example, pH in duodenum tissue is 4.8-8.2, 
while pH in stomach is only 1.0-3.0, but in healthy human blood, pH is 
around 7.4. Thus, PAA based self assemblies, being responsive to pH, can 
be used for targeted delivery of actives  to a certain tissue or cellular 




1.4 Light Scattering Approach Used in Polymer Self-
Assembly Studies 
Among all the techniques used in the study on self-assembly behaviour of 
polymers including TEM, SEM and fluorescence, light scattering is a 
favourable method to elucidate the self-assembly behaviour of polymers in 
solution as it is a simple technique yet capable of providing useful  
information on particle sizes, morphologies and interactions with solvent 
environment, which aids in understanding the mechanism of self assembly 
of polymers. Polymer colloids, like all colloids, appear optically clear, 
translucent, or turbid depending on concentration and particle size. When a 
ray of light passes through a colloidal solution in a dark room, colloids will 
show a beam even in a dilute system, known as the ‘Tyndall Effect’ which 
makes it possible to study self-assembly behaviour of polymers through light 
scattering.    
Dynamic Light Scattering (DLS)  
The intensity autocorrelation function, g(2)(relaxation time, τ) which is 
related to the electric field autocorrelation function, g(1)(τ) by means of the 
Siegert relation [163] was measured and subsequently non-negative least-
squares (NNLS) algorithm, developed by Lawson and Hansen [164], was 
applied to obtain the best-fit values. From the expression 2
appqD , the 
apparent translational diffusion coefficients, Dapp, were determined. Γ is the 
decay rate, which is the inverse of the relaxation time, τ; q is the scattering 
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vector defined as    2sin4 nq  (where n is the refractive index of the 
solution, θ is the scattering angle, and λ is the wavelength of the incident 
laser light in vacuum) [163, 165]. The apparent hydrodynamic radius, Rh can 








     (1.1) 
where kB, η and T are the Boltzmann constant, viscosity of solvent, and the 
absolute temperature, respectively. The scattering intensity of each 
concentration of the copolymer in deionized water was measured and plotted 
against the polymer concentration. The concentration where the scattering 
intensity increases sharply was defined as the critical micelle concentration, 
cmc.  
Static light scattering (SLS)  
SLS measurements were performed to determine the weight-average 
molecular weight (Mw), z-average radii of gyration (Rg), and second virial 
coefficients (A2) of the block copolymer aggregates in THF solution from 














                     (1.2) 
where K is the optical constant, which depends on the refractive index 
increment of the polymer solution (K = 4π2n2(dn/dc)2/NAλ4). Here, c is the 
concentration of the polymer solution, n is the refractive index of the solvent; 
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θ is the angle of measurement, λ is the wavelength of laser light, ΔRθ is the 
excess Rayleigh ratio [ΔRθ = Rθ(solution)–Rθ(solvent)], dn/dc is the 
refractive index increment of the block copolymer solution and NA is the 
Avogadro’s constant. The scattering angles ranged from 50° to 120° at 10° 
intervals while the block copolymer concentration ranged from 0.5 to 1.5 
mg/mL. A plot of )( RKc  versus ])([sin ck 2
2  (where k is a plotting 
constant) can be used to determine the molecular parameters. By 
extrapolating the data to zero angles and concentrations, Rg and A2 can be 
obtained from the slopes, respectively. A simultaneous extrapolation to zero 




1.5 Motivation and Objectives 
Recent studies towards PAA containing self-assemblies have been more 
focussed on the well-established, linear typed PAA-PS and PAA-PEG 
systems. However, they are either not suitable for human body applications 
or too hydrophilic to form stable micelle upon dilution. The discovery and 
utility of stimuli responsive PAA copolymer systems in biological and 
chemical sciences have made it critical to explore new PAA systems having 
a variety of morphologies and structures and understand the behaviour of 
these complex systems for their engineering applications.  
In the way of exploring the probability to apply PAA based smart 
copolymers to biomedical application, for example, drug delivery systems 
(DDSs), most scientists focused on new linear systems, the self assembly of 
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these copolymers triggered by hydrophobic –hydrophobic interactions, and 
the morphologies changed according to extrasic factors, such as pH, ionic 
intexsity and comcentration. Zhu and Liao [168] discussed currently 
clinically used chemotherapeutics in nanoparticle formulation and current 
status of nanoparticles developed as targeting delivery systems for anticancer 
drugs. They stated that types of nanoparticle carriers, such as micelles, 
liposome, polymeric nanoparticles, gold nanoparticle dendrimers, and 
bionanocapsules, will greatly effect the types of durg loaded into those 
particles and their clinic application. Lin and collegues[169] point out that 
precisely controlled dimensions, compositions and architectures can be used 
to form unimolecular micelles that are structurally stable, therefore 
overcoming the intrinsic instability of linear block co-polymer micelles. 
Though nano carriers were not widely applied clinically, basic self assembly 
study, animal and in vitro studies foresee that some of those types hold great 
promise as a targeting delivery system for chemotherapeutics. For example, 
polymeric micelles were self-assembled from amphiphilic copolymers into a 
hydrophobic core and a hydrophilic corona. They can improve the 
bioavailability of hydrophobic drugs and confer protection of the drugs under 
the effect of biologic surroundings. When the symmetric scaffold structure 
of dendrimers has been found to be a suitable carrier for a variety of drugs 
and siRNA, improving the solubility and bioavailability of poorly soluble 
agents. 
With a promising future in biomedical industry, the potential diversity in 
self-assembly process brought by different archetectures of copolymers, 
however, was not systematically discussed before. Questions such as how 
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the linear and non linear PAA based copolymers will affect the self-assembly 
behaviour; whether the star shaped copolymers and dendritic like 
copolymers have the ability to achieve a controlled self-assembly and 
delivery, remain unanswered. More efforts should be paid on the cooperation 
between well defined PAA based copolymers with different architectures 
and their potential pharmaceutical application as soon as possible. 
The aim of this research is to develop new PAA- based copolymers with 
different functional groups and macromolecular architectures, and to 
elucidate their self- assembly behaviour in aqueous solution. In addition, the 
potential application of these systems for targeted drug delivery will be 
investigated through in- vitro experiments. This will provide a good basis in 
developing improved systems for applications in diverse fields, particularly 
as targeted drug delivery carriers. 
The objectives of this work involves: 
• To synthesize random hybrid copolymer of PAA-co-P(acrylate-POSS)via 
atom transfer radical polymerization approach. POSS, which has been 
reported to enhance polymer thermal-stability [170], is a common 
hydrophobic segment in amphiphilic copolymers.  
• To synthesize biodegradable PD(L)LA-b-PAA-b-PD(L)LA triblock 
copolymers via combinations of single- electron- transfer living radical 
polymerization (SET-LRP) and controlled ring opening polymerization 
(ROP) approaches. PLA is also a commonly used biomaterial, chosen as 
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hydrophobic segment of the block copolymers, and it will give a precise 
control on the length of polymer chains.  
• To synthesize dendritic-like copolymers PLA(n)PAA(2n)PAA(4n) and star-
shaped hybrid copolymer POSS-(PAA-4(PLLA-PEG))8 via combination of 
Steglich esterification, “Click”, SET- LRP, and ROP. PEG is added to 
enhance the solubility of the star shaped copolymer. 
• To characterize linear, dendritic-like and star shaped PAA- based 
copolymers and to study the self-assembly behaviour of these obtained 
copolymers. 
• To explore the potential of micelles and aggregates self-assembled from 
obtained PAA- based copolymers as targeted drug delivery carriers. 
 
1.6 Scopes and Organization of the Thesis 
In this thesis, the design, synthesis, self-assembly and targeted drug delivery 
studies of four different types of PAA- based copolymers are presented. 
Chapter 2 discusses the synthesis of POSS-co-PAA random hybrid 
copolymer and the effect of pH and ionic strength on the self-assembly of 
the random copolymers. Chapter 3 describes the linear PLA-b-PAA-b-PLA 
triblock copolymers, including the synthesis method, self-assembly 
behaviour and the use of the self assemblies for targeted drug delivery. 
Besides the conventional linear di-block and tri-block copolymers, a unique 
class of linear- dendritic copolymers having highly branched molecular and 
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compact architecture of the dendritic segments has attracted a great deal of 
scientific attention [104-106]. Dendritic copolymers with controllable 
toxicity, crystallinity, tecto- dendrimer formation, and even chirality of 
copolymers can be achieved [107]. Chapter 4 introduces the synthesis and 
self-assembly of PAA- PLA dendritic copolymers which is different from 
that of linear copolymers. It has been proven that star-shaped polymers 
possess higher critical micelle concentrations, but lower aggregation 
numbers when compared to linear chains with similar molecular weight 
[120-122, 171]. Chapter 5 presents another morphology of PAA-based 
copolymers, i.e., star-shaped POSS-(PAA-PLA-PEG)8 hybrid copolymer. 
The self assembly behaviour and the utility of this star-shaped copolymer as 
a hydrophobic drug delivery system is reported. Finally, Chapter 6 
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CHAPTER 2 pH Responsive Amphiphilic Hybrid 




In order to produce a PAA based amphiphilic random copolymer, polyhedral 
oligomeric silsesquioxane (POSS) was chosen as the hydrophobic segment 
of the copolymer. POSS has a well- defined cage-like nanostructure made by 
silicon and oxygen atoms linked together in a cubic form, with a general 
composition of (RSiO1.5)n. The R group is generally an organic moiety 
attached at each corner of the cube to facilitate integration into organic 
structures [1-4] and n is normally even numbers like 4,6,8… [1, 5]. Cordes 
et al. [1] have reviewed the latest advances of cubic polyhedral oligomeric 
silsesquioxanes POSS in chemistry, with dimensions in the range of 1-1.5 
nm, and was employed as nanofillers in polymer nanocomposites to enhance 
thermal and mechanical properties of polymers [6-11]. However, the recent 
advances in the field of synthetic polymer chemistry, particularly in living 
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radical polymerizations, such as ATRP, RAFT, and NMP, coupled with 
various facile click reactions, have paved the way for incorporating POSS 
into well- defined copolymer architectures [10, 12-23]. Matyjaszewski [9] 
first reported the synthesis of POSS containing well- defined p(MA-POSS)-
b-poly(n-butyl acrylate)-b-p(MA-POSS) triblock copolymers via ATRP [24], 
and their self-assembly in thin films. Hirai [12, 25] reported the synthesis by 
anionic polymerization and the formation of hierarchical nanostructures by 
PMMA-b-P(MA-POSS) and PS-b-P(MA-POSS) diblock copolymers in thin 
films. Escude et al. [13] prepared stereoregular PMMA-co-P(MA-POSS) 
copolymers and investigated their self-assembly in various organic solvents. 
Deng et al. [10] produced block copolymers of PMMA and MA-POSS by 
RAFT and exploited their in-situ self-assembly to achieve nanostructured 
hybrid polymer networks composed by well- defined inorganic domains. 
More recently, POSS based amphiphilic macromolecules and their assembly 
in aqueous solution are also receiving increasing attention [8, 26-33]. The 
current contribution offers new random type hybrid and pH-responsive 
amphiphilic copolymers of acrylic acid and acrylate- POSS, andmore 
detailed investigations have been made into their self-assembly behavior in 
aqueous solution. The synthesis of random-type copolymers is much simpler 
as compared with the amphiphilic block copolymers or other complicated 
architectures and could offer the formation of diverse self-assembled 
nanostructure by varying the composition of the copolymer. The synthesis 
was carried out in two steps, first copolymers of poly(t-butylacrylate) and 
poly(acrylate-POSS) were prepared by ATRP followed by deprotection 
chemistry, where the t-butyl groups were removed by acid hydrolysis with 
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trifluoroacetic acid. Detailed account of their self-assembly behavior in 




tert- Butyl acrylate (tBA) (98%) was purchased from Aldrich and washed 
with 5% NaOH aqueous solution in order  to remove acid impurities and then 
washed with H2O until the aqueous phase was neutral. The solution was dried 
over CaH2, filtered, and then distilled under reduced pressure. Trifluroacetic 
acid (Merck) and arylolisobuty l-POSS (acrylate-POSS) (MA0701, lot 
SH0601, Hybrid Plastics), 2-ethyl-2-bromoisobutyrate (Aldrich, 98%), CuBr 
(Aldrich, 99.99%), and N, N, N, N, N-pentamethlydiethylenetriamine 
(PDMETA) (Aldrich, 99%) were used as received. 
 
2.2.2 Synthesis of PAA-co-P(acrylate-POSS) (Scheme 2.1) 
Synthesis of PtBA-co-P(acrylate-POSS) by ATRP 
Acrylate-POSS (1.4 g, 1.5 mmol), and t-BA (~ 8.3 mL, 58 mmol) were added 
to a Schlenk tube. The mixture was firstly deoxygenated by four freeze-
pump-thaw cycles, followed by the addition of CuBr (13.6 mmol, 19.5 mg) 
and PMDETA (13.6 mmol, 284μL) under argon. The freeze-pump-thaw 
cycles were performed to ensure complete oxygen removal from the reaction 
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system. Then Ethyl-2-bromoisobutyrate (20 μL, 0.136 mmol) was added by 
an airtight syringe. The reaction mixture was transferred into an oil bath 
maintained at 80 oC. The reaction was stopped by air exposure and dilution 
with THF after almost 150 min when further stirring was not possible due to 
increased viscosity of the reaction mixture. The product solution was passed 
through an alumina column to remove copper catalyst. Finally, the product 
was precipitated in water/methanol mixture (Volume 50: Volume 50) and 
dried under vacuum at 40 oC overnight. The reaction scheme is outlined in 
Scheme 2.1. 
Conversion of PtBA-co-P(acrylate-POSS) into PAA-co-P(acrylate-
POSS) 
0.51 g of the PtBA-co-P(acrylate-POSS) was dissolved in 15 mL 
dichloromethane. Then 1.6 mL of trifluoroacetic acid dissolved in 5 mL 
dichloroform was added drop wise to the copolymer solution at room 
temperature. The mixture underwent stirring for 24 hrs. The product was 
filtered, washed with dichloromethane extensively and dried in vacuum 








Gel Permeation Chromatography (GPC)  analyses were carried out against 
poly(methyl methacrylate) (PMMA)  standards in THF at 40°C with a flow 
rate of 1 mL/min using a Waters 2690 system fitted with an evaporative light 
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scattering detector (Waters 2420). 1H NMR spectra were recorded in CDCl3 
and DMSO-d6 on Bruker 400MHz spectrometer. FTIR spectroscopic 
analysis of powder samples were performed using FTIR- Perkin Elmer 
spectrometer. The samples were mixed with KBr into pellets and spectra 
were collected (16 scans were averaged at a 4mm 21 resolution). 
Fluorescence measurements were carried out on a LS50B luminescence 
spectrometer (Perkin Elmer). 
Dynamic light scattering (DLS) measurements were made at 25°C with a 
Brookhaven BI-200SM multi-angle goniometer equipped with a BI-APD 
detector. The light source was a 35 mW He-Ne laser emitting vertically 
polarized light of 632.8 nm wavelength. Statics light scattering, SLS was 
used to measure the time-average scattered intensities where the weight-
average molecular weight (

wM )of the hybrid copolymer aggregates can be 
determined [34, 35]. The refractive index increment (dn/dc) of each 
copolymer solution was measured using a BI-DNDC differential 
refractometer at a wavelength of 620 nm.  
 
2.2.4 Self- Assembly of PAA-co-P(acrylate-POSS) in Aqueous Solution 
For light scattering measurements, the synthesized samples (2.0 mg) were 
dissolved in 10 mM sodium chloride (NaCl) aqueous solution (2 mL) in 
order to maintain a constant ionic strength in all the polymer solutions. The 
pH of the aqueous solution obtained is approximately 3. After filtration with 
the Whatman 0.45 micron filter, the pH of the solutions were adjusted to the 
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required values with sodium hydroxide solutions to investigate the change in 
morphology of the aggregats with varying pH. The effect of ionic strength 
on the swelling behavior of our pH-responsive random copolymers was 
examined by varying the NaCl concentration in the bulk solution from 0.1 to 
100 mM. 
For fluorescence spectrometry, a series of copolymer solutions with 
concentrations ranging from 1x10-4 to 1.0 mg/mL were prepared by diluting 
a stock solution of copolymer with 10 mM sodium chloride (NaCl). The 
pyrene solution in acetone was transferred to a number of vials, acetone was 
then evaporated under nitrogen before adding the copolymer solutions to 
give a final pyrene concentration of 6.0  10-7 M in each vial. After 
equilibration overnight at ambient temperature, the excitation spectra (300-
360 nm) of the solutions were recorded at an emission wavelength of 395 nm 
with the excitation and emission bandwidths being set at 3 nm. The ratios of 
the peak intensities at 338 nm and 333 nm (I338/I333) of the excitation spectra 
were analyzed as a function of polymer concentration. The cac (critical 
aggregation concentration) value was then taken from the intersection of the 
tangent to the curves at the inflection brought under different pH condition 







2.3 Results and Discussion 
2.3.1 Synthesis of PAA-co-P(acrylate-POSS) 
The synthesis was carried out in two steps. First, poly(t-butylacrylate) (PtBA) 
and poly(acrylate-POSS) were copolymerized by ATRP to achieve well- 
defined PtBA-co-P(acrylate-POSS). The polymerization was carried out in 
bulk using CuBr/PMDETA as catalyst system using a monofunctional ATRP 
initiator (ethyl-2-bromoisbutyrate). The whole reaction is described in the 
Experimental section and outlined in Scheme 2.1. Figure 2.1 is depicting a 









Characteristic signals, corresponding to t-butyl group (d) at ~ 1.45 and 
backbone (e) –(-CH2-CH-)n- of PtBA could be seen along with signals from 
poly(acrylate-POSS) at ~ 0.60 from methylene protons (a and b), at ~ 0.95 
from methyl protons of isobutyl groups and methylene protons (f) at ~ 3.95. 
Additionally, signals due to methylene protons (g) of the initiator could also 
be seen at ~ 4.12, confirming that the polymerization was initiated by the 
initiator (ethyl-2-bromoisobutyrate). The GPC data, given in Table 2.1, 
revealed monomodal molecular weight distribution and narrow 
polydispersity index of the produced copolymers. In the second step, acid 
hydrolysis of the t-butyl ester groups of PtBA-co-P(acrylatePOSS) was 
carried out in dichloromethane by using trifluoroacetic acid (TFA) to achieve 
PAA-co-P(acrylatePOSS). TFA is a very strong carboxylic acid because of 
the presence of highly electronegative CF3 group attached to the carbonyl 
group and is extensively used in organic chemistry. TFA is preferred for acid 
hydrolysis because of its strength and solubility in organic solvents. Before 
carrying out the hydrolysis of the copolymer, acrylate-POSS monomer was 
subjected to the same treatment with TFA to evaluate its stability in TFA 
environment. NMR analyses (data not shown) before and after TFA 
treatment confirmed that the integrity of the POSS nanocage remains intact 
during the given experimental conditions. Previously, Zhang et al. [24, 27] 
also reported stability of POSS structure in TFA solution. Figure 2.2 shows 
the FT-IR spectrum of PAA-co-P(acrylate-POSS) and PtBA-co-P(acrylate-
POSS). Comparing the two spectra, a broad absorption band in the range of 
~ 2300-3700 cm-1 can be seen in the spectrum of PAA-co-P(acrylate-POSS) 
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which corresponds to the hydroxyl groups of the carboxylic acid. 
Furthermore, the transformation of ester into acid group also influenced the 
carbonyl peak which not only slightly shifted to lower wave number from 
~1730 cm-1 to 1719 cm-1 but also became broader. The deformation vibration 
of the t-butyl group appeared at ~1367 cm-1 in the spectrum of PtBA-co-
P(acrylate-POSS) disappeared after the hydrolysis. Thus the FT-IR data 
suggests a successful transformation of PtBA-co-P(acrylate-POSS) into 
PAA-co-P(acrylate-POSS). Additionally, the Si-O-Si band representing the 
POSS could be seen at ~1105 cm-1 in both the spectra shown in Figure 2.2, 
suggesting that the POSS structure remained intact during the hydrolysis 
reaction. Further confirmation of the synthesis of the PAA-co-P(acrylate-
POSS) was carried out by 1H-NMR spectroscopy in DMSO-d6 and the data 
are presented in Figure 2.3, where the characteristic signals due to t-butyl 
group of PtBA completely disappeared and a new peak representing the 
hydroxyl group of the acrylic acid could be seen at δ ~12.25. All other signals 
of the copolymer remain intact.  
 
Figure 2.2 FT-IR spectrum before (a) and after (b) acid hydrolysis of the t-
BA constituents of the synthesized copolymers.  


























Table 2.1 Synthesis parameters, and characteristic data of the synthesized 
Copolymers. 
 





 231+2 24000e 1.3 
aPtBA40-co-P(acrylate-POSS)1 231+4 22000
e 1.2 
    
 a the subscripts to the abbreviations represent the molar ratios of the comonomers in the 
copolymer-calculated from the 1H-NMR spectra of the respective sample, bwhere [Mo] and 
[I] is the relative number of moles of the monomer [t-butylacrylate + acrylate-POSS] and 
the initiator,  cmeasured on GPC against PMMA standards using THF as eluent, dMw/Mn, e 






2.3.2 pH Dependent Aggregation Formation in Aqueous Solution 
The pH dependent aggregates formation by the PAA-co-P(acrylate-POSS) 
in aqueous solution was investigated by measuring the scattering light 
intensity as function of copolymer concentration as depicted in Figure 2.4(a) 
for PAA111-co-P(acrylate-POSS)1 at pH 3 (square symbols) and pH 10 (circle 
symbols) respectively, where the copolymer concentration at which the 
scattering intensity increases sharply was defined as the cac. Note that each 
concentration in these experiments was prepared separately from a stock 
solution of the copolymer in 10 mM NaCl aqueous solution. The data clearly 
reveal the existence of the cac for the copolymers and that the cac increases 
with increasing pH of solution. For example, the cac of PAA111-co-
P(acrylate-POSS)1 at pH 3 and 10 was estimated to be 0.2 0.012 mg/mL 












Figure 2.4 (a) Scattering light intensity from DLS measurements and (b) the 
ratio of (I338/I333) from fluorescence spectroscopy as a function of copolymer 
concentration (mg/mL) at pH 3 (circle symbol) and pH 10 (square symbol), 
(c) cac of PAA-co-P(acrylate-POSS) copolymers as function of pH. 
 
To further verify the aggregation formation by PAA-co-p(acrylate-POSS) 
copolymers in aqueous solutions,fluorescence measurements by using 
pyrene as probe were carried out. Pyrene is sensitive to the polarity of the 
solubilizing environment and exhibits different fluorescence behavior in 
aggregated (dissolved in the hydrophobic core of aggregates) and non-
aggregated solutions (dissolved in polar aqueous medium). The cac values 
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of PAA111-co-P(acrylate-POSS)1 obtained from fluorescence measurements 
agree well with the values obtained from DLS measurements (Figure 2.4(c)). 
Furthermore, the detection of the cac by the fluorescence technique confirms 
the formation of hydrophobic cores in the aggregates by the hydrophobic 
acrylate-POSS constituents of the copolymer due to the amphiphilic nature 
of the PAA-co-P(acrylate-POSS) hybrid copolymers. In addition to the pH 
of the medium, the cac of PAA-co-P(acrylate-POSS) also varies with the 
copolymer composition; as shown in Figure 2.4(c), the cac values are higher 
for PAA111-co-P(acrylate-POSS)1 as compared with PAA40-co-P(acrylate-
POSS)1, particularly the difference is more prominent at higher pH where 
most of the COOH groups of the copolymer are dissociated, and the 
hydrophobicity of the copolymer depends predominantly upon the POSS 
content. 
To gain further insight into the pH dependent self-assembly behavior, the 
hydrodynamic radii (Rh) of the aggregates, formed at a copolymer 
concentration of 3.0 mg/mL (well above the cac) were measured at varying 
pH. The data given in Figure 2.5 (a) demonstrates the particle size 
distribution of PAA111-co-P(acrylate-POSS)1 measured at scattering angle 
90° and varying pH, where the distribution is bimodal up to pH ~5 and 
unimodal beyond it up to the measured pH ~10. In bimodal distribution, the 
fast mode (Rh~11.0 2.0 nm) apparently corresponds to individual 
copolymer chains or loose aggregates of a few chains, which, after 
dissociation of all the COOH groups at higher pH, disappear and integrate 
into the larger aggregates, while the slow mode (Rh~55.0 2.0 nm) 
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corresponds to multichain aggregates. The Rh at peak maximum of the slow 
mode increases two folds from ~50.0  5.8 nm to 106.1  9.6 nm with pH 
change from 2 to 9. The dependence of decay rate (the reciprocal of 
relaxation time, τ) on q2 (according to qDapp
2
 ) for the two peaks at pH 
3, shown in Figure 2.5(b), exhibits linear relationship; indicating that the two 
modes are related to the translational diffusion of two types of scattering 
entities in solution.  
      
Figure 2.5 (a) Particle size distribution (hydrodynamic radius, Rh) as a 





Figure 2.6(a) compares the pH dependant hydrodynamic radius, Rh of the 
slow modes for PAA111-co-P(acrylate-POSS)1 and PAA40-co-P(acrylate-
POSS)1, which possess similar Mn (~22,000). In the unneutralized state (pH 
~3), the multichain aggregates for PAA111-co-P(acrylate-POSS)1 and PAA40-
co-P(acrylate-POSS)1 exhibit Rh of ~50.0 2.0 nm and ~73.0 2.0 nm 
respectively. The pH- dependent increase in Rh of the larger multichain 
aggregates with change in pH from 3 to 10 could be ascribed to the swelling 
of the aggregates. This swelling happens due to enhanced osmotic pressure 
exerted by the counter ions trapped inside the polymeric network by the 
electrostatic attraction exerted from the charged carboxylate. It is mainly the 
“hydrophobic interaction” among the hydrophobic POSS nanocages and the 
undissociated PAA constituents (more dominant at lower pH) of the 
copolymers which offers the attractive interaction and responsible for the 
aggregate/micelles formation in aqueous solution. At a particular pH, the 
aggregates swell to reach an equilibrium size and remain stable due to the 
balance between the hydrophobic attractive interactions of the p(acrylate-
POSS) and undissociated PAA and the electrostatic repulsion between the 
dissociated negatively charged PAA segments. The data given in Figure 
2.6(a) also reveals that at a given pH, the hydrodynamic size of the 
multichainaggregates depends upon the composition of the copolymer; 
PAA40-co-P(acrylate-POSS)1, with higher POSS content, forms larger 
aggregates as compared with PAA111-co-P(acrylate-POSS)1, even though 
both the samples have comparable molar mass. Further, the apparent extent 
of swelling, with increase in pH, is also significantly higher in aggregates 
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formed by PAA40-co-P(acrylate-POSS)1 as compared with PAA111-co-
P(acrylate-POSS)1.  
To obtain insight into this behavior, static light scattering investigations were 
carried out as function of pH to estimate the apparent weight average 
molecular weight, Mw,agg
app of the PAA-co-P(acrylate-POSS)multichain 
aggregates in aqueous solutions from the respective Zimm plots. In this case, 
the Mw determined from Zimm plot is known as the apparent Mw. The values 
obtained generally represent the Mw of the larger aggregates as these 
aggregates scatter more light compared to the individual chains.As an 
example, the Zimm plots of PAA40-co-P(acrylate-POSS)1 at pH 3 (Figure 
2.7(a)) and pH 10 (Figure 2.7(b)) are depicted, both measured within the 
concentration range of 0.5-1.5 mg/mL. The estimated average Mw,agg
app 
values at varying pH, depicted in Figure 2.7(c) for PAA111-co-P(acrylate-
POSS)1 and PAA40-co-P(acrylate-POSS)1, display a value of approximately 
(5.0±0.7) x105 g/mol and (1.3±0.5)x106 g/mol respectively, independent of 
the solution pH. The constant Mw,agg
app over the entire pH range suggests that 
the average apparent aggregation number, Nagg
app (average number of 
copolymer chains per aggregate) of 21 and 59 for PAA111-co-P(acrylate-
POSS)1 and PAA40-co-P(acrylate-POSS)1 respectively, while the multichain 
aggregates remain constant over the investigated pH range. As a result, the 
increase in size of the particle with increasing pH is due to swelling of the 
aggregates and the larger hydrodynamic size, and the increased swelling 
observed for the PAA40-co-P(acrylate-POSS)1 compared to PAA111-co-
P(acrylate-POSS)1 could be attributed to higher aggregation number of the 
respective multichain aggregates. This allows the flexibility to tune the 
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particle size and aggregation number of the PAA-co-P(acrylate-POSS) 
aggregates simply by varying the PAA to P(acrylate-POSS)1 molar ratio in 
the copolymer. The Nagg
app of multichain aggregates was measured from the 
ratio of Mw,agg
app determined by SLS and the molecular weight of 
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Figure 2.6 pH dependent hydrodynamic size of the aggregates formed by 

























Figure 2.7 Zimm plots of PAA40-co-P(acrylate-POSS)1 at (a) pH 3and (b) 
pH 10in 10 mM NaCl aqueous solution. The measurements were carried out 
at room temperature and the copolymer concentration range was from 0.5 to 
1.5 mg/mL. (c) pH dependence of apparent weight average molecular 
weight, Mw,agg
appof the multichain aggregates formed from PAA111-co-
P(acrylate-POSS)1 (circle symbol) and PAA40-co-P(acrylate-POSS)1 (square 
symbol) copolymers in aqueous solution. The straight lines in (c) are drawn 
to guide the eye. 
 
Aggregation solutions in the pH range of 3 to 10 remained visually 
stable/transparent (formation of insoluble aggregate was not observed) over 
a period of one month. The presence of sufficient charged groups on the PAA 
segments at higher pH causes the aggregates to be stable.  
A summary of the proposed mechanism of swelling and aggregate formation 




Figure 2.8 Proposed mechanism of swelling and aggregate formation of 
PAA-co-P(acrylate-POSS) at (a) low and (b) high pH respectively. 
 
2.3.3 Effect of Ionic Strength on Self-Assembly 
Finally, a preliminary investigation into the effect of ionic strength on the 
aggregation behavior of the PAA-co-P(acrylate-POSS) was carried out and 
the data are summarized in Figure 2.9,where the particle size is reduced with 
increasing salt concentration. As an example, when [NaCl] increases from 
0.1 to 100 mM, Rh of PAA40-co-P(acrylate-POSS)1decreases from ~192 to 
~150 nm, which is attributed to the charge shielding effect of the counter 
ions (salt) on the negatively charged carboxylate groups, thus reducing the 




Figure 2.9 Effect of salt concentration on Rh of PAA40-co-P(acrylate-POSS)1 
at pH 9. 
 
2.4 Conclusions 
Random-type pH responsive amphiphilic hybrid copolymers of poly(acrylic 
acid) and poly(acrylaye-POSS) were successfully synthesized by first 
copolymerization of t-butylacrylate and acrylate-POSS by ATRP to obtain 
well- defined poly(t-butylacrylate)-co-poly(acrylate-POSS), followed by 
acid hydrolysis of Poly(t-butylacrylate) units into poly(acrylic acid). The 
resultant amphiphilic hybrid copolymers exhibited pH responsive self-
assembly behavior. The critical aggregation concentration, as determined by 
dynamic light scattering and fluorescence measurements, increased with 
increasing pH of the solution. Formation of two populations of aggregates 
could be detected in aqueous solution of the copolymers; smaller aggregates, 
comprised either of a single copolymer chain or loose aggregates of a few 
copolymer chains, which disintegrated and disappeared at higher pH due to 
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increased solubility and larger aggregates which increased in hydrodynamic 
size with increasing pH due to swelling. Finally, preliminary investigations 
on the influence of ionic strength on the self-assembly of the synthesized 
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CHAPTER 3 PLA-b-PAA-b-PLA Triblock 
Copolymers and Their Stereo-complex Used in 
Sustainable Control Release System 
 
3.1 Introduction 
Compare to POSS, poly(lactide) (PLA) is famous for its biocompatibility 
and biodegradability [1]. PLA is also the most widely used polymer in 
bioindustry, accredited by FDA, US. PLA- based materials has been applied 
in bio-implants, bio sensors, and drug release systems [1-4]. So this chapter 
is based on the design, characterization, and potential application of PLA-b-
PAA-b-PLA triblock copolymers. Also, the unique stereocomplexation of 
PLA and how it affects self assembly behavior of this block copolymer is 
also discussed. 
A special attention has been paid to PLA based amphiphilic block 
copolymers because that amphiphilic block copolymers are able to self 
assemble into polymeric core– shell micelles with a hydrophobic inner core, 
which can enhance the loading efficiency and provide a desirable 
microenvironment for the incorporation of hydrophobic drugs [5-7].  
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In order to improve and enhance the residence time of the drug encapsulated 
in micelles to achieve good sustainable release of drugs using the standard 
hydrophobic interactions among the hydrophobic polymer segments alone, 
new approaches were applied. One novel approach of them would be to 
explore the stereocomplexation structure formed between enantiomeric 
polymers, and it is a process that increases the inter-polymer interaction 
without increasing the overall size of the polymers. A well-studied example 
is [8-12] the stereocomplex interaction between enantiomeric PLA, which 
has been shown to enhance the stability of micelles formed in aqueous 
solutions [13-17], both experimentally and in terms of DFT modelling [18, 
19]. Besides, another advantage of polymerizing PAA with PLA is that PLA 
is readily biodegradable in physiological conditions [1-3, 14] owing to its 
natural origin. Previous research in our group has shown that 
stereocomplexation between enantiomeric PLA can result in the formation 
of more stable micelles and nanoparticles in water [20, 21]. Appropriate 
micellar size (20–300 nm in diameter) and a lower critical micelle 
concentration (cmc) brought by stersocomplexation are also important 
characteristics that can lead to higher biophysical stability, longer blood 
circulation time, lower toxic side effects, and prevention of recognition by 
the reticuloendothelial system [22, 23]. 
Studies have been done on copolymerizing or grafting PLA on PAA [24, 25] 
by Petzetakis, however there has no dedicated studies on the effects of PLA 
stereocomplex interaction on the pH responsiveness of PAA in aqueous 
solutions. In this study, we report the synthesis of enantiomeric PLA-b-PAA-
b-PLA triblock copolymers and investigate the effect of stereocomplexation 
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on pH responsive micelle formation and its application for sustained and 
controlled-release of drugs. It is anticipated that the formation of 
stereocomplex among the enantiomeric tri-block copolymers could lead to a 
more stable micelles formation even under dilution, thereby simplifying the 
chemistry in material synthesis and avoiding the known problem of reduced 
drug-carrying capacity [26]. Furthermore, our polymer systems are fully 




3.2.1 Materials  
tert- Butyl acrylate (tBA, Aldrich) were run through active Al2O3 to remove 
acid stabilizer, and stored under argon at 4 °C. D and L-Lactide (D-LA,L-
LA, Aldrich) was recrystallized from ethyl acetate three times and dried at 
room temperature under reduced pressure. Dichloromethane (DCM, 99.8%, 
Sigma-Aldrich) and triethylamine (TEA, 99%, Sigma-Aldrich) were dried 
over CaH2 and distilled under nitrogen flow. 2-Hydroxylethyl-2-
Bromoisobutyrate (HEBriB, 98%, Aldrich), ,N,N,N,N ′ -pentamethyl 
diethyl enetriamine (PMDETA, 99%, Aldrich), 1,8-
Diazabicyclo[5.4.0]undec-7-ene (DBU, 98%, Sigma- Aldrich), 2-
Mercaptoethanol (99%, Aldrich), tetrahydrofuran (THF), trifluoroacetic acid 
(TFA, 99%, Sigma- Aldrich),Cu powder(300 mesh, Alfa- Asser), 
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doxorubicin (DOX, Sigma- Aldrich), methanol, acetone, and all other 
reagents were used as received. 
 
3.2.2 Synthesis of PLA-b-PAA-b-PLA Triblock Copolymers 
Single-Electron Transfer Living Radical Polymerization of tBA 
Initiated by HEBriB 
Poly(tert-butyl methacrylate) (HO-PtBA-Br) was synthesized by Single-
Electron Transfer Living Radical Polymerization (SET-LRP) [27-29], which 
enables the reaction to take place under room temperature. Typically, a 
previously dried 50 mL Schlenk flask equipped with a magnetic stirring bar 
was charged with copper powders (11.2 mg, 0.05 mmol), and the flask was 
evacuated and flushed with argon three times. tBA (15 mL, 35.2 mmol) was 
added to the flask using degassed syringes, and the mixture was 
homogenized by ultrasonic dispersion for 10 min. Then, PMDETA (0.210 
mL, 1 mmol) was introduced into the flask via syringe, and stirred for 10 min 
until the Cu/PMDETA catalyst complex was formed. Next, HEBriB (0.165 
mL, 1 mmol) was added and the solution was stirred under room temperature 
for 2 hours. The flask was removed from the stirring plate and the reaction 
mixture was diluted with THF and passed through a neutral alumina column 
to remove the catalyst. Finally, HO-PtBA-Br was precipitated by adding the 
solution into 10-fold excess of water/methanol (1:1, v/v) mixture, filtered, 




Synthesis of macro initiator OH-PtBA -OH 
HO-PtBA-Br (Mn= 20012, 0.5 mmol) were dissolved in DCM in a flame- 
dried 50 mL Schlenk flask with a magnetic stirring bar, and the Schlenk flask 
was evacuated and backfilled with argon three times. TEA (1mL) was added 
into the solution and stirred under argon flow for ten minutes. Then 
hydrophilic thiols (50.8mg, 0.65 mmol) was added into the solution and 
stirred under room temperature over night. The solution was dialyzed at 
room temperature to remove excess reactants followed by precipitation in 
10-fold excess of water/methanol (1:1, v/v) mixture. The final product was 
filtered and dried under vacuum for 48 hours. 
Ring Opening Polymerization (ROP)  of D-LA in the presence of HO-
PtBA-OH  
Poly(D-lactide)-b-poly(tert-butyl acrylate)-b-Poly(D-lactide) (PDLA-b-
PtBA-b-PDLA) diblock copolymer was synthesized by ring opening 
polymerization (ROP). The freshly recrystallized monomer D-LA (2.5 g, 0.5 
mmol) and macroinitiator HO-PtBA-OH (Mn= 19988, 0.5mmol) were placed 
in a flame- dried 50 mL Schlenk flask equipped with a magnetic stirring bar, 
and the Schlenk flask was evacuated and backfilled with argon three times. 
Subsequently, a required amount of DBU (0.075 mL, 0.5mmol) in DCM (20 
mL) was added and stirred for 24 hours under argon. Next, the solvent was 
removed and the crude polymer was redissolved in approximately 30 mL 
THF. Finally, the polymer solution was added dropwise to 300 mL 
water/methanol (1:1, v/v) mixture to precipitate the refined product and 
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subsequently collected and dried under vacuum for 24 hours. The above 
procedure was repeated for the synthesis of PLLA-b-PtBA-b-PLLA.  
Hydrolysis of PLA-b-PtBA-b-PLA  
Poly(lactide)-b-poly(acrylic acid)-b- Poly(lactide) (PLA-b-PAA-b-PLA) 
was prepared by a selective hydrolysis of PLA-b-PtBA-b-PLA to remove the 
tert-butyl groups from PtBA block. In a typical experiment, PLA-b-PtBA-b-
PLA (Mn = 25034, 0.05 mmol) was dissolved in 10 mL of DCM. After 
cooling to 0 °C with ice/water bath, 2.99 mL of TFA (5-fold molar of tert-
butyl groups) was slowly added with vigorous stirring. The mixture was 
stirred at 0 °C for 30 min followed by stirring at room temperature for 5 hours. 
After solvent evaporation, the residues were dissolved in 5 mL of THF and 
precipitated into 50 mL of n-hexane (10-fold of THF) three times. The 
resulting block copolymer PLA-b-PAA-b-PLA was collected by filtration 
and dried in a vacuum oven at 40 °C for 48 hours. 
 
3.2.3 Characterization 
Dynamic Light Scattering (DLS), DLS measurements were made at 25°C 
with a Brookhaven BI-200SM multi-angle goniometer equipped with a BI-
APD detector. The light source was a 35 mW He-Ne laser emitting vertically 
polarized light of 632.8 nm wavelength. SLS measurements were performed 
to determine the weight-average molecular weight (Mw), z-average radii of 
gyration (Rg), and second virial coefficients (A2) of the block copolymer 
aggregates. The refractive index increment (dn/dc) of each copolymer 
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solution was measured using a BI-DNDC differential refractometer at a 
wavelength of 620 nm. The instrument was calibrated primarily with 
potassium chloride (KCl) in aqueous solution. 
Nuclear magnetic resonance, 1HNMR spectra were recorded on a Bruker 400 
MHz spectrometer in d-chloroform. Gel permeation chromatography, GPC 
analyses were carried out for the copolymers dissolved in THF and compared 
against poly(methyl methacrylate), PMMA standards in THF at 25°C with a 
flow rate of 1 mL/min. The GPC system is an Agilent 1200 series fitted with 
an evaporative light scattering detector and three phenomenox linear 5 mm 
styragel columns (500, 104 and 106 Å) were used in the system. 
Wide angle X-ray scattering, WAXS measurements were performed at room 
temperature using a Bruker D8 General Area Detector Diffraction System 
equipped with a CuKα source (λ = 0.1542 nm) operating at 40kV and 40mA. 
Differential scanning calorimetry, DSC measurements were performed with 
a TA instruments Q100 using nitrogen as purge gas. Samples were heated up 
with a ramp of 10⁰C/min from 25°C to 250°C. Samples for WAXS and DSC 
were prepared by dissolving equal-molar of mixture of PDLA-b-PAA-b-
PDLA and PLLA-b-PAA-b-PLLA in DI-water, followed by filteration with 
0.45μm filter and finally freeze dried for 3 days prior to DSC measurement. 
Samples of individual PDLA-b-PAA-b-PDLA was also prepared 
accordingly. 
Fluorescence spectra were obtained using a fluorescence spectrophotometer 
(LS 55, Perkin Elmer) and the excitation spectra of DOX/polymer solutions 
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were scanned from 500 to 700 nm at room temperature, with an emission 
wavelength of 590 nm and bandwidth of 10 nm. 
 
3.2.4 Preparation of Blank and DOX-Loaded Micelles  
The blank and DOX-loaded PLA-b-PAA-b-PLA micelles were prepared 
according to the single emulsion method [4]. In a typical experiment, PLA-
b-PAA-b-PLA (40 mg) was dissolved in 40 mL of deionized water, while 
DOX (10 mg) was dissolved in chloroform/TEA mixture and stirred for 4 
hours at room temperature until fully dissolved. Then the DOX/ Choloroform 
solution was added dropwise into the polymer solution and subsequently 
stirred at room temperature for 4 hours, followed by dialysis against 
deionized water (pH 6.5) for 24 hours at 20 °C(molecular weight cutoff, 
MWCO 5000). The deionized water was changed every 2 hours for the first 
6 hours followed by every 6 hours for the next 18 hours. After dialysis, part 
of the blank micelle solution was used to study the pH-responsive behavior 
of the micelle by the addition of NaOH or HCl (0.01 M). The remaining 
blank and DOX-loaded micelles were filtered using a membrane filter (0.80 
μm pore) to remove aggregated particles and subsequently freeze- dried to 
obtain the final product which was stored at −20 °C until further experiments. 
The DOX loading content (LC) and entrapment efficiency (EE) were 
determined by fluorescence. One milligram of the DOX-loaded micelle 
powder was dissolved in 10 mL of DMSO. The concentration of DOX at 590 
nm was recorded with reference to a calibration curve of pure DOX/DMSO 
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solution. The LC and EE of DOX were calculated using the following 
formulas, respectively.  
LC(%) =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑖𝑛 𝑚𝑖𝑐𝑒𝑙𝑙𝑒𝑠
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑢𝑔−𝑙𝑜𝑎𝑑𝑒𝑑 𝑚𝑖𝑐𝑒𝑙𝑙𝑒𝑠
× 100%  (3.1) 
EE(%) =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑒𝑑 𝑖𝑛 𝑚𝑖𝑐𝑒𝑙𝑙𝑒𝑠
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑙𝑦 𝑎𝑑𝑑𝑒𝑑
× 100%  (3.2) 
 
3.2.5 In- Vitro Release of DOX from Micelles  
The in- vitro DOX release properties from the PLA-b-PAA-b-PLA self-
assembled micelles were determined as follows: 5 mg of DOX-
encapsulatedcapsules were suspended in 1 mL of aqueous solution and then 
placed in a pre-swollen cellulose dialysis membrane tube (MWCO8000). 
The dialysis tube was then immersed into 40 mL of 1×PBS solutionat three 
different pH levels (pH5, pH7.4 and pH8.2) and kept in a 37 °C water bath. 
At specific time intervals, a 2 mL (Ve) sample was taken out and replaced by 
2 mL fresh buffer (with different pH) to maintain the total volume. The 
concentrations of DOX in different samples were determined using 
fluorescence. The cumulative drug release percent (Er) was calculated based 
on the equation 3.3. The in- vitro experiments were repeated three times, and 






 × 100  (3.3) 
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Where mDOX represents the amount of DOX in the micelle (mg), V0 is the 
whole volume of the release media (V0 = 40 mL), and Cn represents the 
concentration of DOX in the nth sample (mg). 
 
3.3 Results and discussion 
3.3.1 Synthesis and Characterization of PLA-b-PAA-b-PLA triblock 
copolymers  
PLA-b-PAA-b-PLA triblock copolymers were synthesized via a 
combination of SET-LRP and ROP followed by selective hydrolysis of the 
tert-butyl groups of tBA, as illustrated in Scheme 3.1.  
 
 





































































Firstly, HEBriB was utilized as difunctional initiator for the SET-LRP of 
tBA and then OH-PtBA-Br was modified to substitude –Br with –
S(CH2)2OH. Subsequently ring opening polymerization (ROP) of D-LA and 
L-LA was conducted to obtain PLA-b-PtBA-b-PLA copolymers. The final 
step involved the hydrolysis of the tert-butyl groups to obtain the PLA-b-
PAA-b-PLA triblock copolymers. The molecular weights of the PLA-b-
PAA-b-PLA copolymers and its precursors were determined by GPC and 
summarized in Table 3.1.  
 
Table 3.1. GPC and 1HNMR Data of PLA-b-PAA-b-PLA triblock 
copolymers and Its Precursors. 
 Sample [M]0/[I]0
a Mnb Mnc PDIc 
1 HO-PtBA156-Br 35/1 19995 20012 1.05 
2 HO-PtBA156-S-(CH2)2-OH 1.3/1 20007 19988 1.30 
3 PDLA36-b-PtBA156-b-PDLA36 36/1 25100 25034 1.18 
4 PLLA36-b-PtBA156-b-PLLA36 36/1 25111 25020 1.20 
5 PDLA36-b-PAA156-b-PDLA36 ------- 19980 ------- ------- 
6 PLLA36-b-PAA156-b-PLLA36 ------- 19992 ------- ------- 
a The ratio between monomer and initiator is subject to the feeding ratio. 
b Determined from 1HNMR. Feeding ratios of the starting materials in the reaction, the 
values in the parentheses show the mole ratios calculated from NMR results. 






Figure 3.1 GPC Traces of obtained polymers (1) HO-PtBA156-Br,(2) HO-
PtBA156-S-(CH2)2-OH and (3) PDLA36-b-PtBA156-b-PDLA36. 
 
The chemical structure of the PLA-b-PAA-b-PLA triblock copolymers 
(solvent, DMSO-d6) and its precursors (solvent, CDCl3) were verified by 
1HNMR spectroscopy as depicted in Figure 3.2. The signals at 0.9–1.1, 1.42, 
and 1.7–1.9 ppm are assigned to -CH3, [-(CH3)3-], and -CH2- in the tBA 
unit respectively, while the –CH2- connected to –S- can be observed at 3.1 
ppm (Figure 3.2(b)). After ring opening polymerization to obtain the triblock 
copolymers, the signals of -CH- and -CH3- protons of PLA block can be 
identified at 5.17 and 1.58 ppm respectively (Figure 3.2(c)). Finally, after 
hydrolysis of the PLA-b-PAA-b-PLA triblock copolymers, the tert-butyl 
group (1.42 ppm) disappears while the carboxyl group (12.30 ppm) emerges, 
as depicted in Figure 3.2(d). The molecular weights, Mn of the triblock 
copolymers obtained from 1HNMR and GPC techniques are in good 
agreement as evident from the values reported in Table3.1. The concomitant 
increase in the molecular weight of the copolymers obtained from GPC 
together with the NMR results of the copolymers indicates that the 
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copolymerization was successful and well- defined PLA-b-PAA-b-PLA 
triblock copolymers were obtained. 
 
Figure 3.2 1HNMR spectra of (a) HO-PtBA-Br, (b) OH-PtBA-OH, (c) 
PLLA-b-PtBA-b-PLLA and (d) PLLA-b-PAA-b-PLLA. 
 
3.3.2 Self-assembly of PLA-b-PAA-b-PLA Triblock Copolymers in 
Aqueous Solution 
Formation of Stereocomplex from Mixture of Block Copolymers in 
Aqueous Solution. 
We used differential scanning calorimetry (DSC) and wide-angle X-ray 
scattering (WAXS) to verify that the mixture of PDLA-b-PAA-b-PDLA and 
PLLA-b-PAA-b-PLLA would form stereocomplex in aqueous solution. 
Figure 3.3(a) clearly shows that Samples PDLA36-b-PAA156-b-PDLA36 and 
PLLA36-b-PAA156-b-PLLA36has a Tm ~160 °C, in good agreement with 









mixture of PDLA36-b-PAA156-b-PDLA36 and PLLA36-b-PAA156-b-PLLA36, 
the peak at ~160 °C disappears while a new peak appears in the vicinity of 
~208 °C which shows the formation of stereocomplex having a crystalline 
structure different from that of individual PLLA and PDLA block 
copolymers. The diffraction peaks from WAXS (Figure 3.3 (b)) appear at 2θ 
approximately 16.5°, 19.0° and 22.5° for the individual PLLA and PDLA 
block copolymers, while the mixture of PDLA36-b-PAA156-b-PDLA36 and 
PLLA36-b-PAA156-b-PLLA36has peaks appearing at 2θ~ 11.8° and 20.6° 
which further supports the formation of stereocomplexPLLA and PDLA in 
the micelles [31]. It has been reported that a third peak at approximately 
2θ~23.8° is expected to appear when there is stereocomplex formation 
between PLLA and PDLA. However, this third peak is too small to be 
observed from the WAXS pattern in Figure 3.3(b) most probably due to the 




Figure 3.3 (a) DSC heating scans and (b) WAXS profiles of PDLA36-b-
PAA156-b-PDLA36 (dot line), PLLA36-b-PAA156-b-PLLA36 (dash line), and 
the mixture of PDLA36-b-PAA156-b-PDLA36 and PDLA36-b-PAA156-b-
PDLA36 (solid line). 
 
Micelles with PLLA or PDLA segments as the core and PAA as the corona 
are expected to form in aqueous solution. DLS was used to determine the 
critical micelle concentration (cmc) of the individual PDLA36-b-PAA156-b-
PDLA36 and PLLA36- b-PAA156-b -PLLA36 copolymers in aqueous solution 





as well as the mixture solutions at differentpH. An example is shown in 
Figure 3.4(a) for PLLA36- b-PAA156-b -PLLA36 copolymers at pH 3, where 
the concentration at which the scattering intensity increases sharply is 
defined as the cmc. The cmc of the individual PDLA36- b-PAA156-b -PDLA36 
copolymers and the PDLA36- b-PAA156-b -PDLA36 + PLLA36- b-PAA156-b -
PLLA36 mixture solution in aqueous solution at different pH is plotted as a 
function of pH as depicted in Figure 3.4(b). The two samples display a 
similar trend in the cmc with increasing pH while the cmc values remain 
quite constant below pH 6 and begin to show an increase when pH is 
increased up to approximately 11. The region which displays an increase in 
cmc can be explained as the region where the electrostatic repulsion between 
the negatively charged PAA segments overcomes the hydrophobic 
interaction between the non- dissociated (non-charged) PAA segments thus 
increasing the polymer interaction with water and disfavoring micellization 
at high pH. In addition, at the same solution pH, the cmc values are reduced 
by almost half in solutions containing the mixture of PDLA36-b-PAA156-b-
PDLA36 and PLLA36-b-PAA156-b-PLLA36 as compared to the individual 
PDLA36-b-PAA156-b-PDLA36 solutions suggesting that the formation of 
stereocomplex micelles in the mixture solutions 




Figure 3.4 (a) Plot of scattered intensity as a function of logarithm of PLA36-
b-PAA156-b-PLA36 concentrations (pH=3). (b) Critical micelle concentration 
(cmc) of the individual PDLA36-b-PAA156-b-PDLA36 (open circle) and 
PDLA36-b-PAA156-b-PDLA36 + PLLA36-b-PAA156-b-PLLA36 mixture 
















































Figure 3.5 (a) Particle size distribution of PDLA36-b-PAA156-b-
PDLA36(doted line), and mixture of PDLA36-b-PAA156-b-PDLA36 and 
PLLA36-b-PAA156-b-PLLA36(solid line) at different pH; (b) the dependence 
of decay rate, Γ on q2of PDLA36-b-PAA156-b-PDLA36 (open square) and 
mixture of PDLA36-b-PAA156-b-PDLA36 and PLLA36-b-PAA156-b-
PLLA36(close squeare) at pH 7. All samples have a concentration of 1.0 
mg/mL in aqueous solution. (c) hydrodynamic radius, Rh of PDLA36-b-
PAA156-b-PDLA36(open circle) and mixture of PDLA36-b-PAA156-b-
PDLA36 and PLLA36-b-PAA156-b-PLLA36(close circle) as a function of pH, 
and (d) particle size of PLA36-b-PAA156-b-PLA36 stereocomlex changing 
with pH and ionic intensity. 
 
The hydrodynamic radius, Rh of the micelles in aqueous solution formed by 
the individual PLA-b-PAA-b-PLA copolymers and mixtures of PDLA-b-
PAA-b-PDLA + PLLA-b-PAA-b-PLLA copolymers at different pH were 
measured using DLS at copolymer concentration of 1 mg/mL, well above 
the cmc of the individual and mixture solutions, to ensure the micelle 
formation. Figure 3.5(a) demonstrates the particle size distribution of the 
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micelles formed from individual PDLA36-b-PAA156-b-PDLA36 copolymers 
for pH ranging from 3 to 11. The size distribution is broad and unimodal 
throughout the whole pH range. In addition, the dependence of decay rate 
Γ(the reciprocal of relaxation time, τ) on q2 (according toΓ = 𝐷𝑎𝑝𝑝𝑞
2  ), 
shown in Figure 3.5(b), exhibits a linearity confirming that the observed 
peaks in Figure3.5(a) originate from the translational diffusion of the 
copolymer micelles [32]. The Rh at peak maximum of the micelles at each 
pH is plotted as depicted in Figure 3.5(c) for copolymer concentration of 1 
mg/mL. As demonstrated in Figure 3.5(c), the individual PDLA36-b-PAA156-
b-PDLA36 copolymers formed micelles having Rh of approximately 140 nm 
at pH 3 which gradually increased to approximately 215 nm when the pH is 
increased up to 9, beyond which the Rh remained quite constant. In a similar 
manner, the mixture of PDLA36-b-PAA156-b-PDLA36 and PLLA36-b-
PAA156-b-PLLA36 copolymers formed micelles having Rh ~160 nm at low 
pH and increases to a larger size of approximately 235 nm at high pH.The 
data given in Figure 3.5(c) reveals that at a given pH, Rh of samples increased 
significantly when PLA stereocomplexation is introduced,Rh suggesting 
stronger interactions in the mixture, which is most probably due to 
interactions between the PLLA and PDLA blocks to form stereocomplex 
aggregates since this interaction is absent in the individual PDLA36-b-
PAA156-b-PDLA36samples. For instance, the Rh of PDLA36-b-PAA156-b-
PDLA36 increases continuously from ~140 to ~215 nm when the pH is 
increased from 3 to 9 as compared to a larger Rh of ~160 to 235 nm in mixture 
sample for the same pH range. In addition, a preliminary investigation into 
the effect of ionic strength on the aggregation behavior of the PLA-b-PAA-
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b-PLAin aqueous solution was carried out and the data are summarized in 
Figure 3.5(d), where the particle size is reduced when a higher salt 
concentration is present in the solvent environment. As an example, when 
[NaCl] increases from 10 to 100 mM, Rh of Sample decreases from ~200 to 
~50 nm, which is attributed to the charge shielding effect of the counter ions 
(salt) on the negatively charged carboxylate groups, thus reducing the 
osmotic pressure inside the aggregates and hence decreased swelling. 
 
Table 3.2 The light scattering analyses of the synthesized PDLA36-b-
PAA156-b-PDLA36 and PLLA36-b-PAA156-b-PLLA36 block copolymers and 
their mixture at 50 : 50 weight% composition. 






PDLA36-b-PAA156-b-PDLA36 5 160 1.30 65 
PLLA36-b-PAA156-b-PLLA36 160 1.33 67 
PDLA36-b-PAA156-b-PDLA36+ 
PLLA36-b-PAA156-b-PLLA36 
170 1.95 98 
     
PDLA36-b-PAA156-b-PDLA36 7 175 1.18 59 
PLLA36-b-PAA156-b-PLLA36  180 1.15 57 
PDLA36-b-PAA156-b-PDLA36+ 
PLLA36-b-PAA156-b-PLLA36 
 210 1.97 99 
     
PDLA36-b-PAA156-b-PDLA36 10 200 0.96 48 
PLLA36-b-PAA156-b-PLLA36 200 0.90 45 
PDLA36-b-PAA156-b-PDLA36+ 
PLLA36-b-PAA156-b-PLLA36 
235 1.80 90 
 
The larger micelles formed in the mixture of Sample mixture compared to 
the individual PDLA36-b-PAA156-b-PDLA36, suggests that the formation of 
stereocomplex micelles in the mixture solutions favoursmicellization 
promoted by an increased in hydrophobicity.  
95 
 
Static light scattering (SLS) experiments was further carried out to elucidate 
the effect of stereocomplexation and pH on the aggregation behavior of the 
PLA/PAA copolymers in aqueous solution. The apparent molecular weight 
of the micelle (Mw,micelle), together with the radius of gyration (Rg) were 
determined by a Zimm plot in SLS as a function of pH. Note that the Mw,agg 
values in aqueous solutions, shown in Table 3.2 are much larger than those 
of the individual PLA/PAA copolymers obtained by NMR and GPC (Table 
3.1), further confirming the formation of PLA/PAA aggregates in aqueous 
solution. Subsequently the apparent aggregation number, Nagg (Nagg = 
Mw,micelle/Mw,single) of the individual D or L forms and 1:1 D/L mixtures of 
micelles in aqueous solution were calculated as a function of pH. Table 3.2 
clearly demonstrates that the individual D or L forms of the micelles exhibit 
a large Nagg in the low pH regime which gradually decreases when pH is 
increased suggesting that in addition to particle swelling, there is substantial 
expulsion of polymer chains from the micelle during neutralization of the 
PAA segments. When pH is gradually increased, the electrostatic repulsion 
between the negatively charged PAA segments overcomes the “hydrophobic 
interaction” among the PLLA or PDLA which is responsible for the 
attractive interaction among the polymeric chains in the micelle. In contrast, 
the Naggof the micelles formed from the 1:1 D/L mixtures of PDLA36-b-
PAA156-b-PDLA36+PLLA36-b-PAA156-b-PLLA36 remained almost 
unchanged when pH is increased, suggesting that the presence of 
hydrophobic stereocomplex interaction in the micelle is sufficiently strong 
to yield a stable swollen particle even when the micelle is fully charged at 






Figure 3.6 Swelling simulations of pH-responsive PLA-b-PAA-b-PLA 
copolymers (a) and ionic effect (b). 
 
 
3.3.3 Characterization of the DOX-Loaded Micelles  
The application of the pH responsive PAA-PLA micelles for sustained and 
controlled-release of drugs was investigated by monitoring the DOX loading 
content and in- vitro DOX release. The DOX loading content (LC) and 
entrapment efficiency (EE), which evaluate the ability of the targeted 
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copolymer micelle in encapsulating drug samples, were illustrated in Table 
3.3 for the same drug/polymer ratio. The stereocomplexation –induced 
micelles turn to be able to encapsulate more DOX than homo polymers 
possibly due to a stronger interaction between the hydrophobic drug and the 
micelle core. The micelles of PLA-b-PAA-b-PLA homopolymer form due to 
hydrophobic interaction while the micelles of mixed sample form due to 
complexation and hydrophobic interaction, which give stronger support on 
holding hydrophobic drug within the core of micelles.  










PDLA36-b-PAA156-b-PDLA36 2.5 20 3.78 31.44 
PLLA36-b-PAA156-b-PLLA36 2.5 20 5.00 42.11 
PDLA36-b-PAA156-b-PDLA36+ 
PLLA36-b-PAA156-b-PLLA36 
2.5 20 7.65 66.26 
 
3.3.4 In- Vitro Release of DOX from PLA-b-PAA-b-PLA Homo 
Polymers and Stereo Complex Micelles 
A series of release patterns of DOX/polymer capsules at 37 °C were studied 
at varying pH values and the release rates are summarized in Figure 3.7. The 
release experiment went for over 800 hours, and most capsules were able to 
release DOX wrapped in completely within 100 hours. Specially, the release 
for mixed micelle/DOX capsulesunder pH 8.2 was slower than other samples 
and presented sustainable-releasing behavior. Moreover, the release amount 
of capsules varies for different environment. Drug released under pH 7.4 
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reached the highest release amount of over 95% while other capsules can 
only release ~50% of the drug loaded in micelles. 
The difference on particle size of both homopolymer and mixed polymer 
samples below pH 8.2 is not significant enough to support a controlled 
release process. With the stronger ability to hold the micelles and drugs 
loaded, together with size- swollen micelles, the mixed micelle/DOX 
capsules (or the stereo-complex/ DOX capsules) were able to demonstrate a 
controlled release profile under pH 8.2. Drug delivery systems designed 
following this profile can keep on releasing DOX after one month in a stable 
releasing rate and could be potential candidate for sustainable controlled 
release system, which will make infrequent drug- consumption possible and 
decreases the probability of drug toxicity. 
The release amount, on the other hand, also varies under different pH. When 
pH is low (pH<7), the solubility of PLA-b-PAA-b-PLA polymer is poor, 
which may cause precipitation, thus blocking the pore of molecule cut off 
membrane and affect the release amount. While pH is increased to higher 




Figure 3.7 In-vitro drug release profiles of DOX-loaded (a) PLLA-b-PAA-
b-PLLAhomopolymer (open symbol) and (b) stereocomplex (close symbol) 
in 10mMNaClof pH 5(triangle), pH 7.4(circle) and pH 8.2(diamond). 
 
3.4 Conclusions 
Novel pH-sensitive amphiphilic triblock copolymers PLA-b-PAA-b-PLA 
were fabricated by combining of SET-LRP and ROP followed by hydrolysis 





























































indicated that well- defined products with favorable PDI were acquired. The 
cmc values of PLA-b-PAA-b-PLA in aqueous solution were lower for 
stereocomplex than that for homo polymers, suggesting an enhanced stability 
of the assembled micelles. The DOX-loaded micelles were also prepared and 
the in- vitro release behavior of DOX from PLA-b-PAA-b-PLA micelles 
exhibited pH- dependence, and structural- dependance. These characteristics 
demonstrate that these PLA-b-PAA-b-PLA stereocomplex micelles could be 
employed as a promising vehicle for sustained and controlled-release drugs 
delivery system on oral hydrophobic drug delivery. In addition, further fine 
tuning on the ratio and molecular weight of PLA and PAA blocks, as well as 
exploring other drug passengers especially in various pH environments, is 
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CHAPTER 4 Novel Linear-Dendritic-Like 
Amphiphilic Copolymers PL(D)LA(n)-PAA(2n)-PAA(4n): 
Synthesis And Self-Assembly Characteristics 
 
4.1 Introduction 
Besides the conventional linear di-block and tri-block copolymers, a unique 
class of linear- dendritic copolymers has recently attracted a great deal of 
scientific interest: the highly branched molecular architecture of the dendritic 
segment imparts a precise control over the peripheral functional groups and 
a larger surface coverage by a hydrophilic layer, as in dendrimers [1-3]. The 
combination of traditional linear hydrophobic PLA with hydrophilic 
dendrimers/dendrons could lead to novel polymer architecture and properties. 
For example, achieving controllable toxicity, crystallinity, tecto- dendrimer 
formation, and even chirality of copolymers through dendritic can be one of 
the paths to achieve better drug delivery behavior [4]. 
However, this kind of copolymer were not frequently reported in the 
literature due to the synthesis difficulties. To design a PAA based dendritic 
like amphiphilic copolymer, polylactide (PLA) was chosen as the 
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hydrophobic segment. PAA is an important kind of synthetic biodegradable 
polyester, and has been widely used in various biomedical applications due 
to its biodegradability, good biocompatibility and excellent shaping and 
modeling properties [5-7] , will act as the hydrophobic segment of this PAA 
based copolymer. PLA represents an excellent building block for the 
formation of hydrophobic domains in amphiphilic copolymers, e.g., 
amphiphilic di/tri-block or star-like copolymers containing PLA and PEG 
components have been extensively studied for their potential applications in 
the biomedical area mainly due to their facile synthesis [8-14]. Recently, 
stable stereocomplex formation of PLA between two enantiomeric chains, 
poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA), has been reported [15-
17]. This interesting behavior of stereocomplexes has been widely exploited 
for the design of stabilized block copolymer aggregates for the drug delivery 
[18]. 
Over the past decades, controlled radical polymerization (LRP) techniques, 
such as atom transfer radical polymerization (ATRP) [19, 20], nitroxide-
mediated polymerization (NMP) [21], reversible addition–fragmentation 
chain transfer (RAFT) [22] and newly single-electron transfer living radical 
polymerization (SET-LRP) [23], have been rapidly developed as facile and 
convenient approaches for the fabrication of well- defined architecture 
(co)polymers. Further, the merging of the above-mentioned LRP techniques 
with “Click” chemistries has opened pathways to a library of copolymers 
with complicated compositions and topologies. Recently, Percec and his co-
workers reported the nucleophilic thiol–bromo “Click” reaction, which can 
rapidly proceed with near-quantitative conversion under mild conditions [24, 
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25]. As an extension of this reaction, Davis's group prepared functional 
multiblock and hyperbranched polymers via the combination with RAFT. 
In this chapter, amphiphilic block copolymers with novel architecture, linear-
b-dendritic-like l-PL(D)LA-b-d-PAA, were successfully developed via the 
combination of ring-opening polymerization (ROP), SET-LRP and thiol–
bromo “Click” reaction, as shown in Scheme 4.1. First, the dendritic-like 
poly(tert-butyl acrylate) (PtBA) homo-polymer with a single focal active 
double bond was synthesized via SET-LRP. Then a hydroxyl group was 
introduced onto the dendritic-like PtBA by “thiol–ene” reaction of 2-
mercaptoethanol with the active double bond. The resulting dendritic-like 
PtBA containing a single hydroxyl group was used to initiate the controlled 
ROP of L-lactide (or D-lactide) monomers, generating the linear-dendritic-
like block copolymers, l-PL(D)LA-b-d-PtBA. Finally, hydrolysis of the 











tert- Butyl acrylate (t-BA) (98%, Sigma) was purified by passing through a 
short column with neutral alumina oxide just before use to remove the 
inhibitor. L-Lactide and D-lactide (PURACbiochem) were purified by 
recrystallization with ethyl acetate. Dichloromethane (DCM) was dried by 
distillation with calcium hydride before use. 2,2-Azoisobutyronitrile (AIBN) 
was purified by recrystallization with methanol. 3-Allyloxy-1,2-propanediol 
(≥99.0%, Aldrich), 2-bromopropionyl bromide (97%, Aldrich), copper 
powder ( 625 mesh, Alfa- Aesar), 1,8-diazabicyclo[5.4.0]undec-7-ene 
(DBU) (98%, Aldrich), 1-hexanethiol (96%, Acros), 2-mercaptoethanol 
(≥99.0%, Aldrich), N,N,N′,N′′,N′′-pentamethyldiethylenetriamine 
(PMDETA) (99%, Aldrich), 97%-1-thioglycerol (≥97%, Aldrich), 
triethylamine (TEA) (≥99.0%, Sigma-Aldrich), and trifluoroacetic acid 
(TFA) (99%, Sigma-Aldrich) were used as received. 
 
4.2.2 Characterization 
1H nuclear magnetic resonance (1HNMR) spectra were recorded on a Bruker 
Ultrashield 600 MHz/54 mm NMR spectrometer at room temperature using 
CDCl3 and DMSO-d6 as the solvent. Gel permeation chromatographic (GPC) 
analysis was performed on a Waters 2690 equipped with an evaporative light 
scattering detector (Waters 2420) and three phenomenex linear 5 mm 
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styragel columns (500, 104 and 106 Å). THF was used as eluent at a rate of 
1.0 mL min−1 at 25 °C. Monodispersed poly(methyl methacrylate) (PMMA) 
was used as standards. Fourier transform infrared (FT-IR) spectra were 
recorded on a Perkin Elmer spectrum 2000 spectrometer at a resolution of 1 
cm−1. Transmission electron microscopy (TEM) images were obtained on a 
JEOL 2100 transmission electron microscope operating at an acceleration 
voltage of 200 kV. The TEM samples were prepared by dropping the block 
copolymer solution onto the surface of the carbon-coated copper grid. The 
mean size of nanoparticles was determined by dynamic light scattering (DLS) 
using a Brookhaven BI-9000AT Digital Autocorrelator.  
 
4.2.3 Synthesis of Linear-Dendritic-Like PL(D)LA(n)-PAA(2n)-PAA(4n) 
Synthesis of the initiator allyl (2,3-bis-(2-bromo-propanoyloxy) propyl 
ether) 
3-Allyloxy-1,2-propanediol (2.120 g, 7.58 mmol) was first dissolved in 30 
mL dried CH2Cl2, and then TEA (triethylamine) (2.10 mL, 15.16 mmol) was 
added. After the mixture was cooled to 0 °C, 2-bromo-propionyl bromide 
(1.59 mL, 15.16 mmol) was added dropwise into the system over 30 min. 
The reaction mixture was stirred overnight. The solution was washed 
consecutively with H2O (100 mL), saturated aqueous solution of NaHCO3 
(50 mL) and H2O (100 mL). The organic phase was dried with anhydrous 
MgSO4 and concentrated. The crude product was purified by column 
chromatography over silica gel eluting with CH2Cl2. 
1HNMR (600 MHz, 
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CDCl3): δ (ppm) 5.88–5.86 (m, 1H), 5.30–5.19 (m, 3H), 4.51–4.32 (m, 4H), 
4.03 (d, 2H), 3.63 (d, 2H), 1.89 (d, 6H).  
Synthesis of allyl-(PtBA-Br)2 via SET-LRP 
The general procedure was follows. The initiator (0.501 g, 1.25 mmol), 
PMDETA (0.26 mL, 1.25 mmol), tBA (15.0 mL, 0.10 mol) and acetone (15.0 
mL) were added into a Schlenk flask. The reaction mixture was degassed by 
bubbling with argon for 15 min, then Cu (0) powder (0.079 g, 1.25 mmol) 
was introduced into the reaction system followed by bubbling with argon for 
another 5 min. The flask was immersed into an oil bath at 25 °C. After 1 hour, 
the polymerization was terminated via exposure to air and dilution with THF. 
The polymer solution was passed through a short neutral alumina column to 
remove the copper complex. After removing most of the solvent on a rotary 
evaporator, the residue was precipitated in the mixture of methanol–water 
(v/v 1 : 1). The product was dried under vacuum until a constant weight was 
reached at 40 °C (Mn,NMR = 8850 g mol
−1; Mn,GPC = 7680 g mol
−1, Mw/Mn = 
1.52).  
Synthesis of allyl-(PtBA-2Br)2 via the first thio–bromo “Click” reaction 
followed by acrylation of 2-bromopropionyl bromide 
To a solution of allyl-(PtBA-Br)2 (5.160 g, 0.58 mmol) in CH2Cl2 (60 mL), 
thioglycerol (0.72 mL, 7.00 mmol) was added. Then, Et3N (3.21 mL, 23.20 
mmol) was added dropwise into the reaction system and the reaction lasted 
for 24 hours at room temperature. After a small portion of the reaction 
mixture was taken out for characterization, the residue was cooled to 0 °C 
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and 2-bromopropionyl bromide (2.43 mL, 23.20 mmol) was added over 30 
min. The reaction mixture was stirred overnight. The solvent was removed 
via rotary evaporation, then the residue was dissolved in THF. The polymer 
solution was precipitated in the mixture of methanol/ H2O (v/ v, 1 : 1) two 
times to provide the pure polymer.  
Synthesis of allyl-dendritic-like PtBA via SET-LRP 
Allyl-(PtBA-2Br)2 (3.603 g, 0.41 mmol), PMDETA (0.74 mL, 3.59 mmol), 
tBA (15.0 mL) and acetone (15.0 mL) were added into a Schlenk flask. After 
degassing the reaction mixture by bubbling with argon for 15 min, Cu (0) 
powder (0.228 g, 3.59 mmol) was introduced into the reaction system 
followed by bubbling with argon for another 5 min. After 1 hour at 25 °C, 
the reaction was terminated. The product was obtained according to the 
general procedure (Mn,NMR = 21 580 g mol
−1; Mn,GPC = 12 750 g mol
−1, Mw/Mn 
= 1.21).  
Synthesis of allyl dendritic-like PtBA-R via the thio–bromo Click 
reaction 
To a solution of allyl-dendritic-like PtBA-Br (7.624 g, 0.35 mmol) in CH2Cl2 
(80 mL), 1-hexanethiol (1.00 mL, 7.20 mmol) was added. Then, Et3N (1.00 
mL, 7.20 mmol) was added dropwise to the reaction system. After 24 hours 





Synthesis of hydroxyl dendritic-like PtBA via thiol–ene “Click” reaction  
Allyl dendritic-like PtBA-R (7.105 g, 0.33 mmol), 2-mercaptoethanol (0.58 
mL, 8.30 mmol), AIBN (0.135 g, 0.83 mmol) and DMF (100 mL) were 
charged into a Schlenk flask. The mixture was stirred violently until the 
polymer dissolved, then bubbled with argon for 15 min to eliminate the 
oxygen thoroughly. The flask was then placed into an oil bath preheated to 
70 °C. After 24 hours, the product was obtained according to the general 
procedure.  
Synthesis of the linear-dendritic-like PL(D)LA(n)-PAA(2n)-PAA(4n)  
copolymers.  
A typical procedure was described as follows. Hydroxyl dendritic-like PtBA-
R (2.755 g, 0.13 mmol), dried by azeotropic distillation with toluene, was 
dissolved in dried CH2Cl2 (30 mL), then L-lactide (0.913 g, 6.34 mmol) was 
added under a nitrogen atmosphere. After all the solid being dissolved 
completely, the catalyst DBU (20 μL, 1.28 × 10−2mmol) was added to the 
system to start the polymerization. The reaction mixture was stirred 
overnight. After a small portion of the reaction mixture was taken out for 
characterization, trifluoroacetic acid (TFA) (3 mL) was added to the system 
to hydrolyze the PtBA block. The solution was stirred at room temperature 
for 4 hours. After a part of the solvent was removed by evaporation, the 
targeted amphiphilic copolymer PL(D)LA-b-PAA was obtained by pouring 
the concentrated solution into petroleum ether. The resulting precipitate was 
collected and dried under vacuum.  
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PLLA-b-PtBA: Mn,NMR = 28 360 g mol
−1; Mn,GPC = 15 170 g mol
−1, PDI = 
1.26; PDLA-b-PtBA: Mn,NMR = 28 660 g mol




4.2.4 Nanoparticle Preparation from Linear-Dendritic-Like 
PL(D)LA(n)-PAA(2n)-PAA(4n) in Aqueous Solution 
A typical procedure for the self-assembly of PL(D)LA(n)-PAA(2n)-PAA(4n)  
was as follows: 10 mg of the copolymer was dissolved completely in 3 mL 
of THF at room temperature, and the resulting polymer solution was added 
dropwise to 10 mL deionized water under vigorous stirring over a period of 
2 hours. The solution was stirred vigorously for another 48 hours in air to 
evaporate THF completely. Finally, water was added to achieve 1.0 mg mL−1 
concentration of the aggregate suspension. The obtained nanoparticle 
solution was allowed to stand for 24 hours before measurement.  
 
4.3 Results and discussion 
4.3.1 Synthesis and characterization 
Allyl-(PtBA-Br)2 was first synthesized via SET-LRP of tBA with allyl-(2,3-
bis-(2-bromo-propanoy-loxy)) propyl ether as an initiator. The reason for 
selecting the double bond as the focal group is that it was stable during the 
reaction process and can be quantitatively transferred to various different 
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functional groups (–OH, –NH2, and –COOH) viathiol–ene “Click” reaction 
with ω-functional mercaptans under mild conditions. Thus, tedious 
protective and deprotective steps were avoided. From Figure 4.1(A), it can 
be seen that the GPC trace of allyl-(PtBA-Br)2 is a monomodal peak, 
indicating that the polymerization was successful. In the 1HNMRspectrum 
of allyl-(PtBA-Br)2 (Figure 4.2(A)), the resonance signals (b) at 2.25 ppm 
and (d) at 1.80 ppm are attributed to methine protons of tBA units and methyl 
protons of the initiator, respectively. The molecular weight of allyl-(PtBA-
Br)2 is derived from the 




× 6 × 128 + 400    (4.1) 
Where Ab and Ad stand for the integral areas of the resonance signals (b) at 
2.25 ppm and (d) at 1.15 ppm. The values of 128 and 400 stand for the 
molecular weight of tBA units and the initiator, respectively. The results are 
listed in Table 4.1.  
 
Figure 4.1 GPC traces of (A) allyl-(PtBA-Br)2, (B) allyl-dendritic-like PtBA, 

















g mol−1 PDIc G1 G2 PLA 
Allyl-(PtBA-Br)2 33  — 8850 7680 1.52 
Allyl-dendritic-like 
tBA 
33 25 — 21 580 12 750 1.21 
l-PLLA-b-d-PtBA 33 25 94 28 360 15 170 1.26 
l-PDLA-b-d-PtBA 33 25 98 28 660 15 380 1.23 
a Determined by 1HNMR spectra. b Calculated from formula (4.1) and (4.2). 
c Performed by GPC with THF as elution and monodispersedPMMA as the standard. 
 
It has been proved that the base-mediated thioetherification of thioglycerol 
with α-bromoesters is rapid and can proceed with near-quantitative 
conversation under mild conditions [24, 25]. “Click” reaction of end bromo 
groups of allyl-(PtBA-Br)2 with thioglycerol followed by acylation with 2-
bromopropionyl bromide provides allyl-(PtBA-2Br)2. Figure 4.2 (B) shows 
the 1HNMR spectrum of allyl-(PtBA-2OH)2. Compared with Figure 4.2(A), 
the emerging resonance signals at 3.68–3.81 ppm could be assigned to the 
characteristic signals of thioglycerol. After acylation of allyl-(PtBA-2OH)2 
with 2-bromopropionyl bromide, the characteristic signals of thioglycerol 
3.68–3.81 ppm disappeared completely, and the intensity of the signal at 1.80 
ppm increased significantly, indicating that the acylation was performed 
completely (Figure 4.2(C)). Meanwhile, the two-step “branch” process was 
monitored by FT-IR. The intensities of peaks corresponding to the 
characteristic absorption of –OH groups ( 3600 cm−1 and 1200 cm−1) 
increased after the first Click reaction of thioglycerol with α-bromoesters, 







Figure 4.3 FT-IR spectra of (A) allyl-(PtBA-Br)2, (B) allyl-(PtBA-2OH)2 
and (C) allyl-(PtBA-2Br)2. 
 
The dendritic-like PtBA having a single focal double bond group was 
obtained by using allyl-(PtBA-2Br)2 as the macroinitiator to initiate 
polymerization of tBA. Compared with that of allyl-(PtBA-2Br)2, the GPC 
trace of the obtained dendritic-like PtBA was monomodal and clearly shifted 
toward the high molecular weight region (Figure 4.1(B)). Meanwhile, the 
signal at 2.25 ppm corresponding to the methine protons of tBA units 
increased after polymerization (Figure 4.2(D)). These results indicate that 
the polymerization was successful. The molecular weight of the dendritic-




The double bond on the allyl-d-PtBA could be modified with 2-
mercaptoethanol via thiol– ene radical “Click” chemistry to produce the 
hydroxyl-d-PtBA. To avoid side reaction, the end bromo groups of allyl-d-
PtBA were first cleared viathio–bromo “Click” reaction. The 1HNMR 
spectrum of allyl-d-PtBA-R (–C6H13) is described in Figure 4.4(A), and the 
emerging signal at 0.96 ppm is attributed to the methyl protons of end hexyl 
groups. Comparison of Figure 4.4(A) and B shows that the resonance signals 
at 5.85 ppm corresponding to the methine proton of the allyl group 
disappeared, revealing that the thio–ene radical addition reaction was 
complete. 
 
Figure 4.4 1HNMR spectra of (A) allyl-dendritic-like PtBA-R and(B)  




The obtained OH-t-PtBA-R was used as the macroinitiator of next step to 
initiate the controlled ROP of L (or D)-lactide to yield the novel linear-d-like 
copolymers l-PL (D)LA-b-d-PtBA. Figure 4.1(C) and (D) show that the GPC 
traces of the linear-b-dendritic copolymers l-PL(D)LA-b-d-PtBA are narrow 
monomodal peaks and shift toward to the higher molecular weight region, 
indicating that the polymerization was successful. A typical 1HNMR 
spectrum of l-PLLA-b-d-PtBA is shown in Figure 4.5(A), where the 
resonance signal at 5.20 ppm can be assigned to the methine protons of the 
LA repeat units. The molecular weight of the linear-b-dendritic-like 
PL(D)LA-b-PtBA was derived from the 1HNMR spectrum according to 





×𝑚 × 144   (4.2) 
WhereM′n,NMR stands for the molecular weight of dendritic-like PtBA; Ar and 
Ab stand for the integral areas of signals (r) and (b), respectively. And the 





Figure 4.5 1HNMR spectra of (A) linear-dendritic-like l-PLLA-b-d-PtBA 
copolymer in CDCl3 and (B) PLLA-b-PAA in DMSO-d6. 
 
In the presence of TFA, transformation of the hydrophobic PtBA block into 
hydrophilic and water-soluble PAA obtained the targeted linear-b-dendritic-
like amphiphilic copolymers. Figure 4.5(B) shows the 1HNMR spectrum of 
l-PLLA-b-d-PAA. Compared with that of the precursor l-PLLA-b-d-PtBA, 
intensity of the resonance signals at 1.10–1.51 ppm decreased significantly, 
this should be attributed to the removal of tert-butyl groups of the PtBA 
block. The ratio of the integrated area of signal (b) to (r) does not change 
after cleavage of the tert-butyl groups. Meanwhile, monomodal GPC traces 
with DMF eluent of the copolymers after hydrolysis also reveal the 




4.3.2 Self-assembly Characteristics 
The self-assembly of the linear-dendritic-like copolymer l-PD(L)LA-b-d-
PAA was investigated by TEM and DLS. For the enantiomeric l-PLLA-b-d-
PAA and l-PDLA-b-d-PAA copolymers, vesicular aggregates were formed 
in aqueous solution, individually (Figure 4.6(A) and B). Interestingly, an 
entirely different morphology was found in the case of the mixtures in a 1 :
1 molar ratio for l-PLLA-b-d-PAAverse l-PDLA-b-d-PAA. Figure 4.6(C) 
shows that the so-prepared aggregates are indeed bigger spherical micelles. 
However, when the ratio was adjusted to 1 : 2, where there is excessive free 
l-PDLA-b-d-PAA copolymer besides the stereocomplex, vesicular 
aggregates were observed again (Figure 4.6(D)). Since all other parameters 
remained unchanged during synthesis of aggregates, stereocomplexation is 
considered to be a very likely factor responsible for the change of the 
aggregate morphology. The effects of stereocomplex on the resulting 
aggregates can be twofold: (1) it leads to a more hydrophobic characteristic 
of the resulting aggregates; (2) it leads to a more stable and dense packed 
aggregate since the stereocomplex is energetically more stable [26, 27]. As 
a result, the hydrophobic part of PLA will form a more dense packing 
structure and the packing parameter will tilt to less than 1/3, which favors 
the formation of micelle morphology [28]. The proposed self-assembly 





Figure 4.6 TEM images of the nanoparticles formed from (A) l-PLLA-b-d-
PAA, (B) l-PDLA-b-d-PAA, the mixture of PLLA-b-d-PAA and l-PDLA-b-
d-PAA in (C) 1 : 1 ratio and (D) 1 : 2 ratio. 
 
 
Scheme 4.2 Illustration of the proposed self-assembly mechanism of the 
copolymers l-PLLA-b-d-PAA and l-PDLA-b-d-PAA in aqueous solution. 
 
The effect of the pH value on the size of the formed aggregates was further 
studied. The pH-dependent sizes of the aggregates formed from l-PDLA-b-
d-PAA, l-PLLA-b-d-PAA and the mixture of them in a 1 : 1 ratio are shown 
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in Figure 4.7. It can be seen that the hydrodynamic diameter of the aggregates 
formed by both the systems increases with increasing pH value at the 
beginning. When the pH value is 7, the hydrodynamic diameter reaches a 
maximum, then drops as the pH value increases continuously. This could be 
ascribed to that dissociation of –COOH groups at a higher pH value makes 
the outer hydrophilic layer swell, however, the electrostatic attraction exerted 
from the charged carboxylate and counter ions makes it shrink on increasing 
the pH value. 
 
 
Figure 4.7 pH-dependent hydrodynamic size of the aggregates formed by 
the copolymer l-PDLA-b-d-PAA (blue-triangle), l-PLLA-b-d-PAA (red-dot) 




In summary, novel linear-dendritic-like poly(D or L-lactide)-b-poly(acrylic 
acid) (l-PL(D)LA-b-d-PAA) amphiphilic copolymers were synthesized for 
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the first time via the combination of single-electron transfer living radical 
polymerization (SET-LRP), ring-opening polymerization (ROP) and thio–
bromo “Click” chemistry. The targeted amphiphilic copolymers and the 
intermediates were well characterized via1HNMR, GPC and FT-IR. The 
resulting l-PDLA-b-d-PAA and l-PLLA-b-d-PAA copolymers self-
assembled into vesicles in the aqueous environment. The nanoparticle 
morphology can be adjusted by mixing the l-PDLA-b-d-PAA and l-PLLA-
b-d-PAA copolymers in a 1 : 1 molecular ratio due to the 
stereocomplexformation of enantiomeric PLA blocks. In this case, the 
vesicular aggregates changed into spherical micelles. This could be 
attributed to the more dense packing and more hydrophobic characteristic of 
the stereocomplex of hydrophobic PLA segments. The size of the formed 
aggregates also can be adjusted by varying the pH value. The unique 
architecture and features make these novel amphiphilic copolymers 
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CHAPTER 5 Micelles with Narrow Size Distribution 




Drawbacks on the feasibility of self-assembled micelles of linear block 
copolymer to be drug carrier in vivo calls for new systems and archetectures. In 
sharp contrast to multimolecular micelles, polymeric micelles self-assembled 
from amphiphilic copolymers with narrow size distribution can achieve a higher 
cmc, thus maintaining excellent micellar stability, in which the hydrophilic and 
hydrophobic segments are covalently linked together. Therefore, well-defined 
unimolecular amphiphilic block copolymers are highly desirable for the drug 
delivery applications.  
Rapid development of diverse controlled living polymerization techniques and 
high efficient coupling techniques have open pathways to a library of 
complicated polymers with different compositions and architectures [1, 2]. 
Among them, star-like (co)polymers are special class of complex polymers, in 
which a number of polymer arms are linked covalently to a central core [3-5]. 
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Star-shaped polymers, in general, will have higher critical micelle 
concentrations, but lower aggregation numbers, comparing to linear chains with 
similar molecular weight while assembling [6]. Besides, diversity in choosing 
functional groups to the arms of star-shaped polymers will affect aggregation 
properties of copolymers. It has been reported that an increase in the number of 
functional groups while retaining the same molecular weight will decrease 
aggregation numbers of star-shaped copolymers while self- assembling [6]. 
Also, star-shaped copolymers can aggregate into particularly different 
supramolecular formations such as stars, segmented ribbons, and core-shell-
corona micellar assemblies depending on their arms' solubility in solution, while 
adjusting environment like temperature, pH, or solvent, etc. [6-8]. Certain star-
shaped copolymers have shown stability water-organic solvent emulsions, or 
controllable solubility of inorganic salts in organic solutions [9]. 
In recent years, amphiphilic multi-arm star-like block copolymers have attracted 
special interest from researcher due to the fact that they can self-assemble into 
monodisperse and stable unimolecular micelles with core-shell structure in 
aqueous solution [10, 11]. Meanwhile, the size of formed unimolecular micelles 
can be easily controlled by tuning the block length ratios and the number of the 
block copolymer arms. Lately, several amphiphilic multiarm star-like block 
copolymers have been prepared using the multifunctional core of initiators, and 
their drug loading ability has also been investigated [12, 13]. For example, Pang 
et al. synthesized novel copolymers using star-like block copolymers as 
nanoreactors. They reported synthesis of various sizes and architectures of 
metallic, ferroelectric, magnetic, semiconductor, luminescent colloidal 
nanocrystals, discussed the potential of this novel strcture in bioindustry [14]. 
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Figure 5.1 shows amphiphilic multi-arm star-like block, in which the arms of 
linear-dendritic like amphiphilic block copolymers l- PAA-b-(PLLA-b-PEG)4 
are linked to a inorganic polyhedral oligomeric silsequioxane (POSS) core. 
With its unique architecture, this copolymer self-assembled into nanosized rod-
like thermostable micelles with very narrow size distribution in aqueous 
solution. Meanwhile, it is hypothesized that there might be some internal 
cavities near the POSS core in the formed micelles because of the steric 
hindrance between the dendritic like arms, which endow the micelles better 
loading drug ability. 
 
 
Figure 5.1 Schematic illustration of the self-assembling mechanism of the star-









tert- Butyl acrylate (t-BA) (98%, Sigma) was purified by passing through a short 
column with neutral alumina oxide just before use to remove the inhibitor. 
Octa(3-hydroxy-3-methylbutyldimethylsiloxy)-POSS was purchased from 
Hybrid Plastics. L-lactide monomers (99.5%) were purchased from Purac and 
recrystallized in ethyl acetate before use. Poly(ethylene glycol) methyl ether 
(Mn=5000) was purchased from Sigma. 2-Bromoisobutyryl bromide (98%, 
Aldrich), 2-bromopropionyl bromide (97%, Aldrich), N,N,N’,N’’,N’’-
pentamethyldiethylenetriamine (PMDETA), copper powder (~625 mesh, Alfa 
Aesar), thioglycerol (≥ 97%, Aldrich), Tin(II) 2-ethylhexanoate (Sn(Oct)2, 
92.5-100%, Aldrich) and trifluoroacetic acid (TFA, 99%, Sigma) were used as 
received. Triethylamine, pyridine and chloroform were dried with calcium 
hydride and distilled before use. Initiator POSS-Br8 was synthesized according 
to the literature procedure. 
 
5.2.2 Characterization 
1H nuclear magnetic resonance (1H NMR) spectra were recorded on a Bruker 
Ultrashield 600 MHz/54 mm NMR spectrometer at room temperature using 
CDCl3 and DMSO-d6 as the solvent. Gel permeation chromatographic (GPC) 
analysis was performed on a Waters 2690 equipped with an evaporative light 
scattering detector (Waters 2420) and three phenomenex linear 5 mm styragel 
columns (500, 104 and 106 Å). DMF was used as eluent at a rate of 1.0 mL min-
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1. Monodispersed poly(methyl methacrylate) (PMMA) was used as standards. 
Fourier transform infrared (FT-IR) spectra were recorded on a Perkin Elmer 
spectrum 2000 spectrometer at a resolution of 1 cm-1. Transmission electron 
microscopy (TEM) images were obtained on a JEOL 2010 transmission electron 
microscope operating at an acceleration voltage of 200 kV. The TEM samples 
were prepared by dropping the polymer solution onto the surface of the carbon-
coated 200 mesh copper grid and stained with phosphotungstic acid. The mean 
size of nanoparticles was determined by dynamic light scattering (DLS) using a 
Brookhaven BI-9000AT Digital Autocorrelator. 
 
5.2.3 Synthesis of Star- ShapedAmphiphilic Copolymer POSS-(PAA-
(PLLA-PEG)4)8 
Synthesis of star-like POSS-(PtBA-Br)8 via SET-LRP 
The synthesis process of POSS-(PtBA-Br)8 was conducted under the mild 
conditions of SET-LRP. Typically, POSS-Br8 (0.656 g, containing Br 1.88 
mmol), PMDETA (0.40 mL, 1.88 mmol), tBA (15 mL) and acetone (6 mL) 
were added to a 50 mL Schlenk flask. The reaction system was degassed by 
bubbling with nitrogen for 15 min. After Cu(0) powder (0.119g, 1.88 mmol) 
was introduced into the flask under nitrogen atmosphere, the mixture was 
purged by nitrogen for another 5 min. Then the flask was immersed into an oil 
bath maintained at 30 oC. After 1 hour, the polymerization was stopped by 
diluting with THF. The THF solution was passed a short neutral alumina column 
to remove copper salts. After concentration on rotary evaporator, the residue 
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was precipitated in the mixture of methanol/water (v/v 1:1) two times. The 
product POSS-(PtBA-Br)8 was dried under vacuum at 40 
oC until a constant 
weight. (Mn,NMR = 35,560 g/mol; MGPC = 27,150g/mol, Mw/Mn = 1.46) 
Synthesis of POSS-(PtBA-OH4)8 
Through the three steps involving thio-bromo nucleophilic “click” reaction and 
acylation of hydroxyl groups, POSS-(PtBA-OH4)8 with multi surface hydroxyl 
groups was obtained from POSS-(PtBA-Br)8. The detail procedure as following: 
POSS-(PtBA-Br)8 (1.154 g, 32.45 µmol) was dissolved in 5 mL THF, then 
thioglycerol (0.12 mL, 1.30 mmol) was added. After the solution was cooled to 
0 oC by ice/water bath, Et3N (0.18 mL, 1.30 mmol) was added dropwise into the 
system via syringe. After 1 hour at 0 oC, the reaction mixture was stirred 
continuously overnight at room temperature. POSS-(PtBA-2OH)8 was obtained 
by precipitating the solution in the excessive mixture of methanol/ H2O (v/v 1:1) 
twice and dried to constant weight under vacuum.  
POSS-(PtBA-OH2)8 ( 0.577 g, 15.84 µmol) was dried by azeotropic distillation 
with toluene, then 3 mL try THF and pyridine (0.20 mL, 2.53 mmol) were 
charged into the flask. After the solution was cooled down to 0 oC, 2-
bromopropionyl bromide (0.27 mL, 2.53 mmol) was added dropwise via 
syringe. The reaction lasted for 1 hour around 0 oC and another 24 hours at room 
temperature. The solution was precipitated in the excessive mixture of 
methanol/ H2O (v/v 1:1) two times to provide the polymer POSS-(PtBA-Br2)8. 
POSS-(PtBA-OH4)8 was obtained via once thio-bromo “click” reaction of 
POSS-(PtBA-Br2)8 with thioglycerol. 
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Synthesis of POSS-(PtBA-(PLLA-OH)4)8 
POSS-(PtBA-OH4))8 (0.464 g, 12.09 µmol) was dissolved in 20 mL try toluene 
and dried by distilling portion of toluene. Under nitrogen atmosphere, L-lactide 
(1.038 g, 9.11 mmol) and the 1 mL toluene solution of Sn(Oct2) ( 0.016 g, 38.70 
µmol) were added to the system. The reaction was carried out at 125 oC for 24 
hours. POSS-(PtBA-(PLLA-OH)4)8 was obtained by pouring the solution into 
excessive ethanol and dried under vacuum at 45 oC. (Mn,NMR = 115,880 g/mol; 
MGPC = 78,560 g/mol, Mw/Mn = 1.21) 
Preparation of carboxyl-terminated mPEG (mPEG-COOH) 
mPEG5k-OH (6.420 g, 1.28 mmol), succinic anhydride (0.257 g, 2.56 mmol), 
DMAP (0.313 g, 2.56 mmol) were dissolved in 200 mL dry chloroform, and the 
reaction was performed at 80 oC overnight. The solution was washed with a 
diluted HCl solution and water successively, and then dried over anhydrous 
MgSO4. The filtrate was concentrated on rotary evaporator and precipitated in 
diethyl ether two times.  
Synthesis of POSS-(PtBA-(PLLA-PEG)4)8 
POSS-(PtBA-(PLLA-PEG)4)8 (0.412g, 3.56 µmol) and mPEG-COOH (0.925 g, 
0.19 mmol) were charged into a flask and dried by azeotropic distillation. After 
20 mL dry chloroform was added, the mixture was violently stirred until the 
solid disappeared completely. Then, DCC (0.074 g, 0.37 mmol) and DMAP 
(0.045 g, 0.37 mmol) were added into the reaction system and the reaction was 
allowed to conduct for 24 hours under nitrogen atmosphere. The insoluble 
byproduct dicyclohexylcarbodiurea was removed by filtration. The crude 
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product was purified by slowly adding hexane to the filtered solution until the 
precipitate appeared and this procedure was repeated two times.  (Mn,NMR = 
245,880 g/mol; MGPC = 13,760 g/mol, Mw/Mn = 1.29) 
Synthesis of POSS-(PAA-(PLLA-PEG)4)8 
The copolymer POSS-(PtBA-4(PLLA-PEG))8 (0.500 g, containing 0.49 mmol 
tert- butyl ester group) was dissolved in 10 mL CH2Cl2, then trifluoroacetic acid 
(0.94 mL, 12.25 mmol) was added. The reaction mixture was stirred at room 
temperature for 3 hours. After the hydrolysis was completed, the resulting star-
like copolymer, POSS-(PAA-(PLLA-PEG)4)8 was purified by precipitating in 
excessive hexane two times.  
 
5.2.4 Preparation of Micelles from Star-Like Amphiphilic Copolymer 
POSS-(PAA-4(PLLA-PEG))8 in Aqueous Solution  
A typical procedurefor preparation of micelles as following: 10 mg of polymer 
was dissolved in 10 mL THF and was violently stirred overnight at room 
temperature. The resulting polymer solution was added dropwise to 10 mL 
deionized water under vigorous stirring over a period of 2 hours. The solution 
was stirred vigorously for another 48 hours open to air to evaporate THF 
completely. Finally, water was added to achieve 1.0 mg/mL concentration of 
the micelles. The obtained micelle solution was allowed to stand for 24 hours 




5.2.5 Preparation of DOX- Loaded Micelles and in- vitro Release of DOX 
from POSS-(PAA- (PLLA-PEG)4)8 Star-Shaped Micelles  
The blank and DOX-loaded POSS-(PAA- (PLLA-PEG)4)8 micelles were 
prepared according to the emulsion method. In a typical experiment, POSS-
(PAA- (PLLA-PEG)4)8 (40 mg) were dissolved in 40 mL of deionized water, 
while 8 mg DOX were dissolved in chloroform/TEA mixture and stirred for 4 
hours at room temperature until fully dissolved. Then the DOX/ chloroform 
solution was added dropwise into the polymer solution and subsequently stirred 
at room temperature for 48 hours to vaporize chloroform fully. The remaining 
DOX residuals, together with blank and DOX-loaded micelles were centrifuged 
to remove excess DOX residuals, filtered using a membrane filter (0.80 μm pore) 
to remove aggregated particles and subsequently freeze-dried to obtain the final 
product which was stored at −20 °C until further experiments. 
The DOX loading content (LC) and entrapment efficiency (EE) were 
determined by fluorescence. One milligram of the DOX-loaded micelle powder 
was dissolved in 10 mL of DMSO. The concentration of DOX at 590 nm was 
recorded with reference to a calibration curve of pure DOX/DMSO solution. 
The LC and EE of DOX were calculated using the following formulas, 
respectively. 
LC(%) =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐷𝑂𝑋−𝑙𝑜𝑎𝑑𝑒𝑑 𝑑𝑟𝑢𝑔
𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑎𝑛𝑑 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑓𝑒𝑒𝑑
× 100%  (5.1) 
EE(%) =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐷𝑂𝑋−𝑙𝑜𝑎𝑑𝑒𝑑 𝑑𝑟𝑢𝑔
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐷𝑂𝑋 𝑖𝑛 𝑓𝑒𝑒𝑑




5.2.6 In- Vitro Release of DOX from Micelles  
The in- vitro DOX release properties from the POSS-(PAA- (PLLA-PEG)4)8 
self-assembled micelles were determined as follows: 2 mg of DOX-entrapped 
micelle was suspended in 1 mL of PBS solvent and then placed in a pre-swollen 
cellulose dialysis membrane tube (MWCO 5000). The dialysis tube was then 
immersed into 40 mL of PBS buffer at pH7, and kept in a 37 °C water bath. At 
specific time intervals, a 2 mL (Ve) sample was taken out and replaced by 2 mL 
fresh buffer( with different pH) to maintain the total volume. The concentrations 
of DOX in different samples were determined using fluorescence. The 













E r   (5.3) 
where mDOX represents the amount of DOX in the micelle (mg), V0 is the whole 
volume of the release media (V0 = 40 mL), and Cn represents the concentration 
of DOX in the nth sample (mg). The in- vitro experiments were repeated three 








5.3 Results and Discussion 
5.3.1 Synthesis and Characterization of Star-Like Amphiphilic Copolymer 
POSS-(PAA-4(PLLA-PEG))8  
The star-like amphiphilic copolymer with POSS core and linear-dendritic like 
PAA- (PLLA-PEG)4 arms was successfully synthesized according to the steps 
shown in Scheme 5.2. The star-like polymer POSS-(PtBA-Br)8 was synthesized 
by SET-LRP of t-BA monomers using POSS-Br8 as initiator and 
Cu(0)/PMDETA as catalyst. Figure 5.3(A) shows the GPC trace of POSS-
(PtBA-Br)8, which is a monomodal peak, indicating that POSS-Br8 successfully 









1H NMR spectrum of the obtained POSS-(PtBA-Br)8 is shown in Fig 5.2A. The 
peaks at about 0.10 (a) and 2.23 (c) ppm are attributed to methyl protons of the 
initiator adjacent to the core and methine protons in PtBA arms, respectively. 
The molecular weight of POSS-(PtBA-Br)8 is derived from the 
1H NMR 




× 128 × 8 + 2795   (5.4) 
where Aa and Ac stand for the integral areas of the peaks (a) and (c). The values 
of 128 and 2795 stand for the molecular weight of tBA repeating units and the 
initiator, respectively. It should be noted that the molecular weight of POSS-
(PtBA-Br)8 based on GPC is very different from that of NMR. This is because 
that the structure of POSS-(PtBA-Br)8 is star-like, while the standard of GPC is 





Figure 5.2 1H NMR spectra of (A)  POSS-(PtBA-Br)8, (B) POSS-(PtBA-




Figure 5.3 GPC traces of (A) POSS-(PtBA-Br)8, (B) POSS-(PtBA-(PLLA-




Thio-bromo nucleophilic substitution reaction reported by Percec was rapid and 
proceeded with near-quantitative conversion, possessing characteristics of 
“click” reactions. Meanwhile, this reaction was shown to be compatible with a 
range of functional thiols. Through iterative three steps involving thio-bromo 
“click” reaction of thioglycerol with α-bromoester and acylation of hydroxyl 
groups with 2-bromopropionyl bromide, POSS-(PtBA-OH4)8 with multi surface 
hydroxyl groups was obtained from POSS-(PtBA-Br)8. 
1H NMR technique was 
used to analyze the end group transformation processes. As compared to that of 
POSS-(PtBA-Br)8 (Figure 5.4(A)), the signal at 4.15 ppm assigned to methine 
protons neighboring to the terminal bromide groups disappeared and the 
characteristic signals of thioglycerol at 3.56~3.73 ppm could be observed in the 
spectrum of POSS-(PtBA-OH2)8 (Figure 5.4(B)), conforming that the thio-
bromo reaction was performed completely. After acylation of –OH on POSS-
(PtBA-OH2)8, the signals at 3.56~3.73 ppm belonging to thioglycerol shifted 
entirely to lower resonance field (4.40 ppm (g) and 5.03 ppm (f)), indicating 
that this reaction was complete (Figure 5.4(C)). From Figure 5.4(D), it can be 
seen that the signal ascribed to methine proton of 2-bromo-propanoyl groups 
disappeared completely and the characteristic signals of thioglycerol at 
3.56~3.73 ppm could be observed again after another thio-bromo “click” 
reaction of POSS-(PtBA-Br2)8 with thioglycerol. Based on the results above, it 









Using POSS-(PtBA-OH4)8 as macroinitiator initiated ring-opening 
polymerization (ROP) of L-lactide to provide the copolymer POSS-(PtBA-
(PLLA-OH)4)8. The GPC trace of POSS-(PtBA-(PLLA-OH)4)8 is shown in 
Figure 5.3(B), which was monomodal and clearly shifted toward the higher 
molecular region as comparing with the precursor POSS-(PtBA-Br)8. The FT-
IR spectrum of POSS-(PtBA-(PLLA-OH)4)8 is given in Figure 5.5(B), the 
characteristic absorption at 1756 cm-1 corresponds to the ester carbonyl of 
PLLA chains. Meanwhile, the peaks (d) at 5.14 and (e) at 1.56 ppm assigned to 
the methine and methyl protons of the PLA block could be observed clearly in 
the 1H NMR spectrum of POSS-(PtBA-b-(PLLA-OH)4)8 (Figure 5.2(B)). These 
results confirmed the successful synthesis of PtBA-b-(PLLA-OH)4. The repeat 
units of the PLLA chains were derived from the intensity ratio of the peaks (b) 
at 2.23 to (d) at 5.14 ppm. The molecular weight of POSS-(PtBA-b-(PLLA-
OH)4)8 was calculated according to the following formula: 
𝑀𝑛,𝑁𝑀𝑅
′ = 𝑀𝑛,𝑁𝑀𝑅  +  
34𝐴𝑑
4𝐴𝑏
× 32 × 72  (5.5) 
where M’n,NMR and Mn,NMR stand for the molecular weight of POSS-(PtBA-b-
(PLLA-OH)4)8  and POSS-(PtBA-OH4)8, respectively; Ad and Ab stand for the 
integral area of the peaks (d) and (b), respectively; The value 32 stands for the 
number of PLLA chains and 72 stands for the molecular weight of the repeat 











g mol−1 PDIb 
aDetermined by 1H-NMR 
bDetermined from GPC results. PDI = weight average molecular 
weight/number average molecular weight, or Mw/Mn. 
POSS-(PtBA-Br)8 35560 27150 1.46 
POSS-(PtBA-(PLLA-OH)4)8 115880 78560 1.21 





Figure 5.5 FT-IR spectra of (A) POSS-(PtBA-Br)8, (B) POSS-(PtBA-(PLLA-
OH)4)8, (C) mPEG-COOH and (D) POSS-(PtBA-(PLLA-PEG)4)8. 
 
Star-like amphiphilic copolymer was obtained via the coupling reaction of 
POSS-(PtBA-b-(PLLA-OH)4)8 with mPEG-COOH in the presence of DCC and 
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DMAP. POSS-(PtBA-b-(PLLA-OH)4)8 coupling successfully with mPEG-
COOH was proved by GPC, FT-IR and 1H NMR. The GPC trace of POSS-
(PtBA-b-(PLLA-PEG)4)8 (Figure 5.3(C)) moves toward the higher molecular 
region as compared with the precursor. From FT-IR spectrum POSS-(PtBA-b-
(PLLA-PEG)4)8 (Figure 5.4(D)),  it can be seen that the intensity of the peak at 
2890 cm-1 increased greatly after coupling reaction, which is due to the C-H 
stretching band of PEG block. In the 1H NMR spectrum of POSS-(PtBA-
(PLLA-PEG)4)8, the new signals (g) at 3.65 ppm and (h) at 3.37 ppm attributed 
to methylene and methyl protons of PEG block could be observed clearly 
(Figure 5.2(C)). According to the relative integral values of the methylene 
protons (g) of PEG and methine protons (d) of PLA blocks, the coupling 
efficiency can be easily measured and the result is about 81.3%. The molecular 




′ + 5000 × 32 × 𝐸    (5.6) 
where M”n,NMR and M’n,NMR stand for the molecular weight of POSS-(PtBA-b-
(PLLA-PEG)4)8  and POSS-(PtBA-(PLLA-OH)4)8, respectively; The value 





Figure 5.6 1H NMR spectrum of POSS-(PAA-(PLLA-PEG)4)8 in DMSO-d6. 
 
Under the presence of TFA, selective hydrolysis of PtBA block provided the 
targeted star-like amphiphilic copolymer POSS-(PAA-b-(PLLA-PEG)4)8. 
Figure 5.6 shows the 1H NMR spectrum of POSS-(PAA-b-(PLLA-PEG)4)8, in 
which intensity of the resonance signal at 1.20 ppm decreased significantly as 
compared with that of the precursor POSS-(PtBA-b-(PLLA-PEG)4)8, indicating 
the removal of terbutyl groups on the PtBA block. 
 
5.3.2 Properties of Micelles Formed by Star-Like Amphiphilic Copolymer 
POSS-(PAA-b-(PLLA-PEG)4)8 
The morphology and size of the formed micelles were analyzed using TEM and 
DLS. The TEM image (Figure 5.7(A)) shows that this amphiphilic copolymer 
self-assembled into well- dispersed rob-like micelles with a size about 100 nm 
in 1.0 mg mL-1 aqueous solution. The average size of the micelles determined 
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by DLS was about 180 nm (Figure 5.8), which was bigger than that measured 
by TEM because DLS measures the hydrodynamic size of the nanoparticles, 
while TEM measures the size of the dried nanoparticles. At the same time, we 
investigated the properties of the micelles as the concentration of the solution 
decreased from 1.0 mg mL-1 to 0.05 mg mL-1. From Figure 5.7(B), it can be 
seen that the morphology and size of the micelles didn’t change as the solution 
was diluted 10 times. So, it can be concluded that there formed micelles with 
narrow size distribution. Meanwhile, the size measured by TEM agrees with the 
theoretical value.   
 
 
Figure 5.7 TEM images of the micelles formed from star-like amphiphilic 
copolymer POSS-(PAA-(PLLA-PEG)4)8 with different concentrations (A) 1 





Figure 5.8 Distribution of particle size of POSS-(PAA- (PLLA-PEG)4)8 star-
shaped micelles in water. 
 
Light scattering also reveal the particle size of the obtained copolymers as an 
increase in size with increasing pH in 0.1 wt% NaCl aqueous solution. The size 
of aggragates is ϕ~ 77 nm starting from pH 3, by adding NaOH in small amount, 
the pH of polymer solution gradually increase to 9.4 while the largest micelles 
is observed at  ϕ~ 340 nm.  But the particle size drop steeply after pH 10 and 
returned to ϕ~ 100 nm at pH 11. The trends on micelle size are observed in 
polymer- NaCl aqueous solutions with 0.05%, 0.1%, 0.2 wt%, 0.8 wt% and 1.0 
wt% of NaCl concentration. It could be hyposisized that the PAA chain, which 
isgradually negatively charged with the addition of NaOH from pH 3 to pH 9.4, 
while the PAA chain was negatively charged, the chain repulsion happened and 
lead to swelling aggregation size. While the repulsion force was much stronger 
than the hydrophobic interaction between the hydrophobic cores, in this case, 
will be POSS and PLLA, the aggregates start to collapse and disassembled.  
 















5.3.3 DOX- Loaded Micelles and in- vitro Release of DOX from POSS-
(PAA- (PLLA-PEG)4)8 Star-Shaped Micelles 
The application of POSS-(PAA- (PLLA-PEG)4)8 self-assembled micelles 
controlled-release of drugs was investigated by monitoring the DOX loading 
content and in- vitro DOX release. The DOX loading content (LC) and 
entrapment efficiency (EE) values of DOX-loaded micelles were 8.37% and 
50.22% yield to a 1:5 drug-polymer feeding ratio while preparing DOX- loaded 
micelles. Release pattern of DOX/polymer capsules at 37 °C in pH 7.4 PBS 
solution were studied and the release rate are calculated (Figure 5.9). POSS-
(PAA- (PLLA-PEG)4)8 self-assembled micelles release drugs in large amount 
within 24 hours and get balance value in 60 hours with releasing 94% of the 
drug loaded in the micelles. Which indicated that this star shaped copolymer 
can be potentially used as drug delivery system.  
 
 





























In summary, a novel star-like amphiphilic copolymer with narrow size 
distribution on its self assemblies containing an inorganic POSS core and multi 
linear-dendritic like PAA-(PLLA-PEG)4 arms has been successfully 
synthesized via the combination of SET-LRP, ROP and thio-bromo “click” 
reaction. Due to its unique architecture, this copolymer self-assembled into 
stable rod-like micelles with an average 180 nm size in aqueous solution, which 
can be considered as good candidates for drug delivery. Meanwhile, the inner 
PAA domain in the formed micelles can load hydrophilic drugs and the PLLA 
domain can load hydrophobic drugs at the same time, this will further facility 
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CHAPTER 6 Conclusions and Future Work 
 
6.1 Conclusions 
This thesis focussed on the design, synthesis and self-assembly of new 
amphiphilic poly(acrylic acid) (PAA)-based copolymers with architectures 
from random copolymer to block copolymers, simple linear block copolymers 
to more complex dendri-like and star shaped copolymers. A simple comparision 
on all the four systems in this thesis is listed in Table 6.1. 
To start with a simple PAA amphiphilic random copolymer model, the 
inorganic POSS was chosen as the hydrophobic segment not only because 
POSS is commonly used as the powerful hydrophobic part of amphiphilic 
copolymers but also its good ability to control the thermal and mechanical 
stability of obtained copolymers. A two-step-synthetic method, combining 
ATRP and acid hydrolysis were used to achieve poly(acrylic acid)-co-
poly(acrylate-POSS) random copolymers. It was found that with very low 
POSS concentration in the copolymers, i.e. one POSS unit per 40 to 110 acrylic 
acid repeat units, the obtained amphiphilic hybrid copolymers could self-
assemble in aqueous solution as revealed by the reduced critical aggregation 




concentration. The existence of hydrophobic core in the formed aggregates was 
verified by the solubilization of pyrene in aqueous solution. In addition to pH 
dependent self-assembly behavior, it was demonstrated that the particle size and 
aggregation number of the aggregates can be tuned simply by varying the PAA 
to poly(acrylate-POSS) molar ratio in the copolymer.  
To apply PAA based amphiphilic copolymers in biomedical industry, it is 
important to consider the biocompatibility of the system. Poly(lactide) (PLA), 
which has good biodegradability and biocompatibility, was chosen as the 
hydrophobic segment for the linear triblock system, PLA-b-PAA-b-PLA. 
PD(L)LA-b-PAA-b-PD(L)LA were successfully synthesized through the 
combination of SET-LRP, ROP, and hydrolysis. Self assembly studies revealed 
that the formation of stereocomplex between the enantiomeric PLLA and PDLA 
triblock copolymers favours micellization and that the self-assembled micelles 
formed compact structures with enhanced stability as compared to micelles 
formed from individual PLLA or PDLA copolymers. To evaluate the triblock 
copolymers for targeted delivery of hydrophobic drugs, Doxorubicin (DOX), a 
poor water-soluble drug used in cancer curing, was selected as the model drug 
for encapsulation and release studies using the self assembled PLA-PAA-PLA 
micelles as carriers. The drug was encapsulated into the core of the micelles and 
the in- vitro release of DOX from the micelles was pH- dependent. Interestingly, 
the polymer/drug capsules showed a slow and sustainable release process under 
high pH which makes PLA-b-PAA-b-PLA a potential candidate for sustainable 
release systems such as glucophage delivery system for diabetes and DOX for 
cancer. 




Next, a novel linear-dendritic-like poly(D or L-lactide)-b-poly(acrylic acid) (l-
PD(L)LA-b-d-PAA) amphiphilic copolymers were synthesized for the first time 
via the combination of single-electron transfer living radical polymerization 
(SET-LRP), ring-opening polymerization (ROP) and thio–bromo “Click” 
chemistry. As a macroinitiator for initiating ROP of lactide, dendritic-like 
poly(tert-butyl acrylate) (PtBA) with a single focal hydroxyl group (OH-d-
PtBA) was first synthesized via the “branch” and “growth”, followed by 
hydrolysis of the PtBA segment to yield the targeted linear-dendritic-like 
amphiphilic copolymers PL(D)LA-b-PAA. Light scattering and transmission 
electron microscopy (TEM) studies revealed that the l-PDLA-b-d-PAA and l-
PLLA-b-d-PAA copolymers self-assembled into vesicles in an aqueous 
environment, respectively. When mixed in a 1 to 1 ratio, the corresponding 
aggregates changed from vesicles to spherical micelles, possibly due to the 
formation of a more stable and dense packing of the hydrophobic PLA segments 
resulted from the stereocomplex between the enantiomeric PLA blocks. The 
size of the formed aggregates changed with variation of the pH value, indicating 
that these aggregates possess the pH-dependent swelling and shrinking 
properties, which endow the formed aggregates with great potential for a 
controllable drug delivery system.  
Finally, unimolecular star-like amphiphilic copolymer with novel well-defined 
architecture has been successfully synthesized, in which the multi linear-
dendritic like amphiphilic arms poly(acrylic acid)-(poly(L-lactide)-
poly(ethylene glycol))4 (PAA-(PLLA-PEG)4) are linked to an inorganic 
polyhedral oligomeric silsequioxane (POSS) core, denoted as POSS-(PAA- 
(PLLA-PEG)4)8. Light scattering and TEM studies revealed that the copolymer 




POSS-(PAA- (PLLA-PEG)4)8 self-assembled into rod-like stable unimolecular 
micelles with a about average 180 nm size due to its unique architecture. 
Meanwhile, the formed micelles have the potential to load hydrophobic drugs 
in its PAA domains as well as in its PLLA domains, and this unique property 
would further facility its applications as drug delivery carrier.  
In the comparison of self-assembly behaviour, it was found that all the obtained 
PAA based amphiphilic copolymers could form micelles or aggregates in water 
solution, and they presented pH responsive and ionic responsive during self 
assembly. The influence of salt (NaCl) on the self-assembly of PAA based 
copolymers was also presented. High ionic intensity (100mM NaCl) solvent 
would hinder the swelling of hydrophilic chains for most of the copolymers 
obtained comparing to that with lower ionic intensity. 
On the other hand, architecture will significant affect the self-assembled 
micelle/aggregates. Comparing with block copolymers, random copolymers 
turn to be less stable and ununity as far as particle size distribution is concerned. 
Double models are found under pH 6 samples, then the two peaks merge into 
onepeak and turn into single models while increasing pH levels. This could due 
to the uneven hydrophobicity brought by POSS randomly connected to PAA 
chains. Another reason could be the self-polymerized PAA residules, which will 
disassemble under high pH levels. No such distribution was observed on the 
other three block copolymers.  
Considering the diversity brought by different architectures. Both linear 
copolymers present micelle\ aggregates morphology, while dendri-like structure 
presents vesicles (homocopolymers), and rod-like morphology for starlike 




copolymers. The formation of l-PDLA-b-d-PAA vesicles may created by the 
balance status PLA hydrophobic interactions and the spaces occupied by big 
PAA branches. After mixing l-PDLA-b-d-PAA and l-PLLA-b-d-PAA, stronger 
interaction brought by stereo complex will drag the hydrophobic PLA cores 
together and form micelles. Star shaped POSS-(PAA- (PLLA-PEG)4)8, on the 
other hand, formed short rod micelles under TEM. Considering non-centred-
semmetried strcture such as ‘crew-cut’micelles were observed in PS-b-PAA 
systems, rod-like micells can also be illustrated under similar scheme. This 
circumstance were observed during the unbalanced hydrophobic and 
hydrophilic chains according to Zhang and Eisenberg [1]. Unlike Eisenberg’s 
micelles, the morphology of this rod-like micelle don’t change upon diluting, 
which the reason is not clear and needs more exploration. 
Both dendritic like copolymer and star shaped copolymers would form micelles 
with low concentration and even show poor solubility in water. However, in the 
in- vitro tests, star shaped POSS-(PAA- (PLLA-PEG)4)8 didn’t present 
uniqueness in DOX releasing profile, comparing to PLA-b-PAA-b-PLA sc. But 
it had higher DOX loading capacity and the ability to release DOX in short time. 
It is probably due to the strong hydrophobic interaction between DOX and 
POSS, whose size hardly changes in water, while in the linear model, DOX 
attached on PLA or PLA complex and showed a more sustainable release 
process. 
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at pH 7.4 
a Refers to size controlling through structure.  
b Micelle/aggregate stability upon dilution in aqueous solution measured by DLS. 
c Encapsulation data collected from specific copolymers through methods mentioned in the thesis. 
  




6.2 Future Work 
The design and synthetic methods of the obtained copolymers are the 
combination of ring opening polymerization, click chemistry, steglitch 
esterization and living radical polymerization such as atom- transfer radical 
polymerization and single electron transfer living radical polymerization. 
The routes and design are very powerful tools for synthesis of block 
copolymers. 
The micellation of PLA-b-PAA-b-PLA triblock copolymers mainly focus on 
the effect of hydrophobic PLA and the effect brought by stereocomplexation. 
Since the formation of stereocomplexation asks for the molecular weight of 
PLA segment larger than 1500 g/mol. The final product obtained showed to 
be more hydrophobic. However, it could also be interesting to design series 
of copolymer with shorter PLA chain. As a result, when the PLA segment of 
triblock copolymer PLA-b-PAA-b-PLA is lower than 1000, it is promising 
to produce PAA-based hydrogel in this system, which can also be used as 
hydrogel drug delivery system for both hydrophobic and hydrophilic drugs. 
As to dendri-like structure l-PL(D)LA-b-d-PAA block copolymer, though 
the particle size and basic self-assembly behaviour has been measured and 
discussed, the solubility of this polymer in water is still very low. More in 
depth research is needed in order to really realize the application of this 
product in biomedical industry. And this study could start from optimization 
of water solubility of the product.  




Star shaped copolymer POSS-(PAA-(PLLA-PEG)4)8 has two stimuli-
responsive segments. This work only focused on the specialty of its star 
shaped morphology and the pH-responsive effect of PAA on particle size. It 
could be interesting to investigate the thermo-responsive PEG segment and 
interaction between thermal-responsive and pH-responsive on its self-
assembly. This kind of micelles based on POSS-(PAA-(PLLA-PEG)4)8 
copolymer holds great promising applications in controlled drug delivery due 
to the following advantages. Their PLA membrane of the micelles can 
encapsulate some hydrophobic drugs, while their inner PAA hydrophilic 
cavities can load some hydrophilic drugs via electrostatic interactions, such 
as FITC- Dextran. Moreover, this micelle can be further explored to prepare 
a range of biomedical materials. For example, it can be used for cancer 
theranostics as superparamagnetic iron oxide nanoparticles are precipitated 
in the inner PAA cavities. In one word, the unique architecture and features 
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APPENDIX Supplementary Figures 
 
 
Figure 7.1 GPC trace of PtBA-co-P(acrylate-POSS) with THF as eluent. 
 
 
















Figure 7.2 Excitation spectra, monitored at wavelength= 390 nm, for the 
PEO-PS copolymer with different concentrations, showing the shift in the (0, 
0) band as pyrene (6×10-7 M) partitions between aqueous and miceller 
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